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PREFACE 


The Engineering, Science, and Management War Training (ESMWT) 
Program afforded the New Haven YMCA Junior College a rather unusual 
opportunity to survey the rapidly developing field of plastics. When, 
early in 1944, a number of Connecticut industries needed men trained in 
plastics technology, a survey committee went to these industries to try 
and define as precisely as possible the need that existed and develop a 
course to help meet this need. The committee raised and answered such 
questions as: Who are the men who need training in plastics? What do 
they need to know? What academic preparation and industrial experi¬ 
ence have they had on which training can be built? How can a course in 
plastics technology help them to make the transition from what they 

know to what they need to know? And, finally, how can a course best 
be developed and organized? 

By raising and answering such questions as these, a course was 
developed which from the point of view of any one instructor was almost 
unteachable. Accordingly, it was necessary to organize a committee 
of instructors and to seek out experts in the various phases of plastics who 
could help to make the course authoritative and functional. 

Many companies and individuals participated in this instructional 
phase of the course by making instructors and special lecturers available 
and by providing instructional materials. That the course proved 
successful can be credited to the interest and effort of such persons as: 

5 el1 ’ DeBeU & Richardson, Plastics Consultants; H. J. West 
and W. N. Finney, American Cyanamid Company; Arthur M. Ross, Jr 

and Irving Eaton, General Electric Company; T. S. Carswell and H. K. 

ason, Monsanto Chemical Company; J. H. DuBois and Charles S 

Dewey, Jr. Shaw Insulator Company; W. E. Gloor, Hercules Powder 

a £ h , H ' BaU ’ CeIanese Corporation of America; Ernest W 
Halbach, The Bolta Company; A. P. Wangsgard, Bakelite Corporation; 
and E. P. Scoutten, Naugatuck Chemical Company 

work di h ad tTT b ? n °°“ p ' eted ' vhen il suggested that the 

had he d 7 a bey ° nd the ‘“mediate purposes for which it 

had been developed. The present book, which is designed for somewhat 

co r r TheZem 7d he C °h UrSe ’ iS n0netheless a product of the 

course. The theme followed in the book is the same as that followed in 
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the course. Most of the chapters were originally presented as lectures 
in the course. They have, of course, been modified and edited. 

Certain chapters have been added in order to overcome some of the 
weaknesses of the original course and to bring the work up to date. The 
adapting of the original lectures and the writing of additional chapters 
was done by men who had participated in the course. When this could 
not be done, additional persons and companies were invited to participate 
in the project. In addition to the men who participated in the original 
course, thanks are due to those men and companies which made special 
contributions to the manuscript for publication: R. D. Dunlop, Monsanto 
Chemical Company; John Adams, Bakelite Corporation; C. R. Stock, 
American Cyanamid Company. 

In addition to publishing lectures taken from the course and chapters 
prepared specifically for this book, we have utilized a chapter written by 
J. H. DuBois for a forthcoming book, “Plastics Mold Engineering.” 
Thus, Chap. XV is included by special permission of the publisher, The 

American Technical Society, Chicago. 

From the organizational point of view, the book has been divided into 

four parts. The first deals with certain fundamentals regarding the 
relationship of chemical structure to physical properties. The second 
section discusses the six classes of plastics, devoting a chapter to each 
major group. The third section covers the commercial methods used 
in the manufacture of plastic products, and the last section deals with the 
evaluation of plastics, including their measurement and manufacturing 


control. 

In preparing the manuscripts for publication, an effort has been made 
to do as little editing as possible. No attempt has been made, for 
example, to dictate the content of the various chapters nor to demand 
uniformity with respect to style. Rather, each contributor was encoui- 

aged to present his material as he saw fit. 

In a book of this sort, it is inevitable that there be a certain amount of 
repetition, since certain information must be utilized with different 
plastics for different purposes. Because such repetition makes for easier 

reading and understanding, it has been encouraged. 

Finally, the editors wish to acknowledge the valuable services of 
Miss A. Edwina Kenney who has handled all the vast secretarial work in 
connection with the preparation of the manusciipt. 


New Haven, Conn., 
Angiist, 194fi. 


Henry M. Richardson 
J. Watson Wilson 


CONTENTS 


Pag k 

Preface . v 


Chapter 


I 

CHEMICAL STRUCTURE OF SYNTHETIC RESINS. 

Henry M. Richardson 

1 

II 

MATERIALS OF CONSTRUCTION BASED ON SYNTHETIC 
RESINS. 

Herbert J . West 

27 

III 

FORMING AND FABRICATION OF PLASTIC ARTICLES . . . 

Henry M. Richardson 
\ 

39 

IV 

PROPERTIES AND APPLICATION OF PLASTICS. 

Henry M. Richardson 

47 

y 

THERMOSETTING RESINOUS CONDENSATION PRODUCTS 

R • A. Barkhuff, JrR. D. Dunlop, H. W. Mohrman 

52 

VI 

THERMOSETTING RESINOUS CONDENSATION PRODUCTS 

(continued). 

77 

VII 

THERMOPLASTIC CELLULOSIC PLASTICS 

Walter E. Gloor 

95 

VIII 

THERMOPLASTIC CELLULOSIC PLASTICS (CONTINUED) 

Ralph H. Ball 

0 

117 

IX 

VINYL POLYMERS AND RELATED RESINS 

Arthur M. Ross, Jr. 

134 

X 

RUBBER AND THE SYNTHETIC ELASTOMERS 

Arthur M. Ross, Jr. 

165 

XI 

RUBBER AND THE SYNTHETIC ELASTOMERS (CONTINUED) 
Arthur M. Ross, Jr. 

ic 

oc 

XII 

POLYESTERS AND POLYAMIDES 

Herbert J: West 

213 


vii 










CONTENTS 


• • • 

Vlll 

Chapter 

XIII CROSS-LINKED ADDITION POLYMERS. 224 

Arthur M. Ross, Jr. 

XIV SILICONE RESINS, RUBBERS, AND RELATED PRODUCTS. 234 

Arthur M. Ross, Jr. 

XV PLASTICS PRODUCT DESIGN. 243 

J. H. DuBois 


XVI MOLDS FOR PLASTICS. 

Henry M. Richardson 

XVII RESIN-BONDED AND LAMINATED ASSEMBLIES. 

Herbert J. TT'esf 

XVIII COMPRESSION AND TRANSFER MOLDING. . . 

John Adams and J. H. DuBois 

XIX INJECTION MOLDING AND EXTRUSION . . . . 

Ernest TV Ilalbach 

XX TESTING METHODS. 

Charles R. Stock 

XXI TESTING METHODS (CONTINUED). 

Charles R. Stock 

XXII CONTROL OF QUALITY AND UNIFORMITY . 

Henry M. Richardson 

Index. 


286 

310 

335 

369 

390 

433 

465 

475 










FUNDAMENTALS OF PLASTICS 


CHAPTER I 

CHEMICAL STRUCTURE OF SYNTHETIC RESINS 

By Henky M. Richardson 

Consulting Engineer, DeBell & Richardson, Springfield, Mass. 

This book is limited to those fundamentals which are necessary for a 
thorough comprehension of the nature, manufacture, application and 
uses of plastic materials, and products. It is further limited to those 
plastics which are based on synthetic organic resins. 

As a beginning, an attempt will be made in this chapter to identify 
and classify the important synthetic resins and indicate the type of 
chemical structure of each and its general relation to the properties 
exhibited. Subsequent chapters will enlarge on this in detail. There are 
so many different materials, each with its own set of unique properties, 
that unless they are known to the student, by name, character, and 
classification, confusion is likely to result. First let us examine them to 
see what they have in common and then, later, note the differences. 

By definition, organic compounds are those chemical substances which 
are built mainly of atoms of carbon, together with other chemical ele¬ 
ments. For example, the synthetic resins are all (with only minor 
exceptions) composed of two or more of only five of the chemical ele¬ 
ments. These are carbon (which is present in all these substances) 
hydrogen, oxygen, nitrogen, and chlorine. 

The resins under consideration are synthetic, in that they are not 
found m commercial quantities in natural products. They must be cre¬ 
ated by chemical processes, using abundant natural substances as raw 
matenals. Those natural resources are: 


supply the carbon and to some 


1. Coal , 'petroleum, or cellulose to 
extent the hydrogen and oxygen 

2. Air for nitrogen and oxygen 

3. Water for hydrogen and oxygen 

4. Salt for chlorine 

of*the theSe “ d ““ fr0m ■“* « 
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While the number of the elements is small, they can be put together 
in many different ways to form many thousands of different and dis¬ 
tinct materials. Some of these are resins of which plastics are made. 
Let us, therefore, start by examining the simpler of the combinations 
that form resins and then classify them according to theii piopeities. 
Further, let us correlate the chemical structure with the piopeities that 

result from it. . 

Probably the simplest compounds of carbon are those which consist 

only of that element combined with hydrogen. One unit of carbon can 

combine with as many as four units of hydrogen. Ihe chemists say, 

from this fact and other evidence, that carbon has a valence of 4 and 

that hydrogen has a valence of 1. In other words, the unit of caibon, 

the carbon atom, has four “bonds”—like hands, which allow it to hold 

the bonds of other atoms—of carbon or of other elements. Likewise, the 

other elements have valence values of their own. Oxygen has two, 

nitrogen has three, hydrogen and chlorine each have only one bond. In 

any combination of these elements into chemical compounds, all these 

bonds or valences must be taken up or “satisfied.” For example, water 

consists of two hydrogen atoms attached to one atom of oxygen ioiming 

a molecule of water: 


H 

I 

H- O 


(D 


Here the two bonds of the oxygen, are satisfied by and satisfy the 
single bonds of each of the hydrogens. Such molecules of water in 
discrete form exist in water vapor or “dry steam.” Experimental meas¬ 
urements' indicate that the distance between the atoms ot hydrogen and 
oxvgen in a molecule of water is 1.02 angstroms (1.02 X 10~ 8 cm.) about 
one hundred-millionth of a centimeter. The distance between the two 
hydrogens is 1.57 A., and the angle between the bonds is 104 40 . ihis 
gives an indication of the general order of magnitude ot the links in the 

chains and networks with which we deal. 

In addition to the primary chemical bonds that hold groups ol atoms 

together into molecules, there are secondary forces of attraction whic 1 

tend to hold groups of molecules together. The distance between neig - 

boring groups held by these forces is 3 to 4 A. 2 An example of this is 

the tendency of condensed water vapor to gather into drops 

When the molecules are simple and small and are made of atoms 
belonging to the group of five elements we are considering, they exist as 
gases liquids, or solids within the range of ordinary atmospheric tem¬ 
peratures. In general, the smallest and simplest are gases or liquids 
of low viscosity. The larger the molecules become, the more viscous 

liquids thev become, until finally they become solids. 
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To be of interest as materials of construction, the resins in their 
finally useful form must be solids. If they are to be solids and if they 
are to have usable strength, they must be composed of very large mole¬ 
cules which are held together by strong cohesive forces which are effective 
over the range of temperatures to which the material will be exposed 
in its normal use. Such cohesive forces are in some cases the secondary 
forces of attraction between and among large molecules where the mole¬ 
cules are composed of many hundreds of atoms joined together in the 
form of long chains. These are solids at ordinary temperatures but on 
heating to elevated temperatures become viscous liquids which can be 
formed or molded. These are called thermoplastic materials. 

Other resins pass through a chemical reaction during their forming 
process. They start as liquids or fusible solids composed of smaller 
molecules than the thermoplastics, but during the forming or molding 
process primary chemical bonds are formed which greatly increase the 
molecular size. In most cases, these chemical bonds form the molecules 
into a three-dimensional network where the original chain molecules are 
cross-bonded to each other. Such structures generally do hot become 
plastic on reheating and are called thermosetting. 

CHEMICAL STRUCTURE 

Let us examine some of the combinations of our five elements which 
have come into valuable commercial use. Probably the simplest to con¬ 
sider are those made only of carbon and hydrogen—the hydrocarbon 
resins. Probably the simplest of the hydrocarbons is methane, the prin¬ 
cipal constituent of natural gas. This consists of one atom of carbon 
and four of hydrogen, which satisfies all the primary valence bonds: 

H H 


✓ \ v-/ 

H H 

It is a gas which, when mixed with air and ignited, burns with a clean 

ue flame. It is not used directly in the formation of synthetic resins 

but is a .raw material for certain intermediates (e.g., formaldehyde) which 
are. 

?J 0W r takG the substance ethylene consisting of two carbon atoms 
and four hydrogen atoms: 


H 


\ 




C = C 




It will be noted that to satisfy all bonds it is 
bond exist between the two carbons. 


necessary that a double 
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This material, likewise, is a gas at ordinary temperatures and, when 
mixed with air and ignited, burns with a blue flame leaving no apprecia¬ 
ble amount of soot. 

Linear Polymers.—When ethylene is subjected to high compression 
and to suitable conditions of temperature and catalysis, it forms a poly¬ 
mer in which the double bond joining the carbon atoms of the simple 
molecules opens up and many of the simple molecules join into large, 
long-chain molecules: 


H 

! i 

- c - 

* i 

! H 


H 

I 


H 

I 


C - C - 


H ; H 

1 ; i 

C - C 


H 

i 


H 

i 


H 

i 


H 

I 


H : H 


H 

I 


H 

I 


Hi 


-C-C“C-C-C : C-C-C-C- 


I 

H 


i 

H 


i 

H 


I 

H 


i 

H 


I 

H 


i 

H 


i i j i i 

H H ! H H 


I 

H 


H 


• • 




When the average size of these molecules is large enough, the material 
becomes a solid which can be formed and molded when heated to its 
softening point, and then cooled to solidity it. It is called polyethylene. 
In its commercial form, it is tough and elastic, softens a little over 100°C., 
and feels and looks much like paraffin. Upon heating in an open flame 
it melts, decomposes, and burns with the same type of flame as the 
ethylene from which it was made. 

Similarly, another hydrocarbon derived from petroleum, isobutylene, 
can be polymerized: 




H 

I 

H H- C- H 

N / 

c = c 


H H- C- H 

i 

H 

Isobutylene 


H 

i 

c 

I 

H 


H- 


H- 


H 

I 

C- H 

I 

C- 

I 

C- H 

I 

H 


H 

I 

H H-C-H 

i i 

C-C- 

i i 

H H-C-H 

I 

H 


Polyisobutylene 


• • • 


n 




This material differs from polyethylene. It is soft and rubbery and, on 
melting, forms a very tacky substance. The ratio of carbon atoms to 
hydrogen atoms is the same as in polyethylene, but the properties are 
entirely different. On burning the substance in an open flame, an appre- 
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ciable yellow tip is noted in the flame and some soot rises above it, indi¬ 
cating less complete combustion of the carbon. This seems logical 
because of the more, compact grouping of some of the carbon atoms. 

Still another hydrocarbon is styrene which is polymerized to polysty¬ 


rene: 


H H 

i i 

C = C 

i i 

H C 


❖ 


(7) 


H- 

H- 


C 

i 

C 


c 

II 

c 


- H 

- H 


• • 


H 

i 

C 

i 

H 


C 

i 

H 

Styrene 

H 


C 

❖ s 

H- C C 

i ii 

H- C C 

❖ / 

c 

I 

H 

Polystyrene 


- H 

- H 


( 8 ) 


n 


Polystyrene has entirely different properties from the other two hydro¬ 
carbon polymers mentioned above. It is hard and brittle by comparison 
and is rigid and stable of form. In it the ratio of carbon atoms to 
ydrogen atoms is 8:8 as compared with 2:4 and 4:8 for ethylene and 

A i . in an open fire with a very 

sooty flame, showing very poor combustion of the carbon • this seems 

formation. 84 ' 0 that have the cari >™ atoms joined in ring 

Although these hydrocarbon resins are different in their elastic and 

p astm properties, they are alike in their electrical properties They ah 

have high dielectric strength, extremely low dielectric losses at all fre 
quencms and are not affected by moisture. Consequently they have 

ticularly 11°““ “ P~ 

of caA^MnogTS chtortT ThTprincipTresinTS t ^ binations 

sS “ and -rid’ ss :Sn g r s p r 
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H H 

I I 

C = C 

I t 

H Cl 

Vinyl chloride 


( 9 ) 


H H 

I I 


H H 

i i 


H H 

i i 


- c- c- c- c- c- c- 


H Cl 


i 


H Cl 


H Cl 


( 10 ) 


n 


H Cl 

I I 

C = C 

I I 

H Cl 

Vinylidene chloride 


(ID 


H Cl 

i i 


H Cl 

i i 


H Cl 

i i 


• • 


- c- c- c- c- c- c- - 


( 12 ) 


H Cl 


H Cl 


H Cl 


n 


Polyvinylidene chloride 


These have many characteristics in common. They will not support 
combustion, and while they will burn when decomposed by heating in 
an open flame, they will not continue to burn when the flame is removed. 
Both are very resistant to water and oils. Both can be made into tough 
sheet, foil, or filaments of high strength. Their dielectric losses are high, 
so they are not used on high-voltage high-frequency applications. 

Other resins are made of carbon, hydrogen, and oxygen. One of 
these is vinyl acetate: 


H 

I 

C 

I 

H 


H 

i 

c 


(13) 


O 


O 

I 

c- 


CH 


which can be polymerized: 


H H 

i i 

c- c- 

I I 

H O 

i 

o = c-ch 3 


: H 

i 

i 

-C 

i 

H 


H 

i 

c 

I 

o 

1 

c 


O = c-CH 


H H 

I I 

c- c- 

I I 

H O 

0 = C- CH 3 


(14) 


n 


This material softens at somewhat lower temperature than those pre¬ 
viously mentioned and finds its principal use as an adhesive. In addi- 
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tion, it is used as the basis for other materials. If it is hydrolyzed, by 

reacting with water in an acid medium at elevated temperature, it 
becomes 


H 

H ; 

H 

H ; H 

H : 

i 

i : 

i 

i ! i 

■ 

i : 

C- 

C- 

c- 

O 

i - 

o 

1 

C- 

1 

i ; 

1 

1 • 1 

t 

1 > 

H 

0 ; 

H 

I 

o 

O 1 


i ! 

■ 


i | 

i ; 


H ; 


H • 

H i 


known as polyvinyl alcohol. The by-product is acetic acid 

H 

i 

O 

i 

0 = c- ch 3 


(15) 


(16) 


Polyvinyl alcohol differs from the other resins discussed so far, in 
that it j*3 soluble in water but insoluble in most organic solvents. Further¬ 
more, its softening point rises almost to the decomposing temperature. 

A further modification can be made by reacting polyvinyl alcohol with 
an aldehyde such as formaldehyde. 


H 

I 

c = o 

I 

H 



This reacts with the O—H groups to form 
unit: 


bridges or cross links with the 
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simultaneously splitting off water as a by-product. The resulting resin 
differs from polyvinyl alcohol in that it is not soluble in water but solu¬ 
ble in certain organic solvents and has generally a much higher softening 
point than the polyvinyl acetate from which it was originally derived. 

Also combining the elements carbon hydrogen and oxygen are the 
acrylic resins. The commonest example is methyl methacrylate: 

H CH, 

I I 

C = C (20) 

I 

H ' 

0 = C- O- CH 3 


which may be polymerized in the same manner as the others: 


CH 3 

1 

C — 


H 

I 

C- 

I 

H ' 

0 = 0 o- CH, 


H CH 3 

I I 

c- c- 

I I 

H C 

* v 

o o 


- CH 


H CH 3 

I I 

c- c- 

I I 

H C 

❖ N 

o o 


- CH 


H CH 3 

i i 

c- c— 

I I 

H C 


O 


O- CH*; 


• • 


( 21 ) 


n 


The characteristics of this resin are extreme clarity and high index 
of refraction along with good strength, toughness, and resistance to 
weathering. 

Another material of this general type is made of carbon, hydrogen, 
and nitrogen and is called acrylonitrile: 


H H 

i i 

c = c 

I 

H ' 

C5 N 

which polymerizes: 


H 

H 

i.H 

H 

j H 

H 

1 

1 

•' 1 

1 

; i 

i 

c- c — 

— c- 

c — 

— c- 

c- 


I I 

H C = N 


i 

H 


i 

C = N 



I 

Ci N 


• • • 





This material is insoluble in water and most other solvents and has a 
very high softening point. It is not much used alone as a plastic; 
although combined with other materials as a copolymer it imparts valu¬ 
able properties. 

It will be noted that all the materials we have considered so far have, 
in their monomeric and polymeric states, been of the following general 

form: 
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H R, 

i i 

c = c 

I I 

H R 2 
Monomer 


(24) 


H Ri i H Rj 


H R, 


H R, j 


• • 


-c-c-c-c-c-c - c- c - 


H R 


H R 


H R 


Polymer 


H R 


• • • 


n 


(25) 


The difference is only in the identity of the substituent atoms or groups 
tti and ±V 2 , which is summarized in Table I. 


Table I 


R. 

E-2 

H 

H 

ch 3 

ch 3 

H 

c 6 h 6 

H 

Cl 

Cl 

Cl 

H 

OCOCH 3 

H 

OH 

ch 3 

COOCHa 

H 

CN 


Material 


Ethylene 
Isobutylene 
Styrene 
Vinyl chloride 
Vinylidene chloride 
Vinyl acetate 
Vinyl alcohol 
Methyl methacrylate 
Acrylonitrile 


The simplest of this series is ethylene; consequently, the polymers 

fuNy discussed L “ap ^ "*“■ These »» 

Linear Condensation.-All the foregoing materials were made bv the 

t P ogethL°to7 ym ^ nZatl0n in which man Y si ngle molecules were joined 
together to form large molecules by direct addition. Another class of 

sr " th Jh 2 

water is broken out for each bond formed in the ch^n^Tl^f 

condensation reaction. For example, take ' Thls 18 called a 


H- O- 


H H 

i i 

c- c- 

I I 


o- 


H H 

Ethylene glycol 
(a dihydric alcohol) 



O H H O 


II 


II 


- C- C- C- c- O- H 

I I 

0 H H 

Succinic acid 

(a dibasic acid) \ 


(26) 
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n 



— 


0 

0 1 


H H 


II 

N H <■ 

H - 

0- C- C- 0- H 

+ n 

H- 0- C 

- C-C-C- 0- H 


H H 



H H J 

" 


0 H 

L H 0 -| 



H N 

ii i 

i n 


• 

- o-c-c-o- 

o 

i 

o 

- c- c- 

- . • • + (2n - 1) 


H H 

1 

1 




H 

H 

. . . n 


(27) 


As the number of units in the chain increases, the viscosity increases until 
solids are formed. Materials of this sort are called linear polyesters 
since they are esters (reaction product of an acid and an alcohol) and are 
the result of the linear combination of a number of repeating units. 

It is difficult to make these in sufficiently large molecules to be struc¬ 
tural solids, so they are not commonly used for that purpose. . They are, 
however, used as modifiers or plasticizers for other synthetic resins in 

the production of cements or surface coatings. 

Similar long chains are formed by reaction of dibasic acids and 

diamines. ., , , 

Typical of these is the reaction product of adipic acid and hexa- 

methylene diamine: 


n 


O / H\ O 

H-O-C-l Cl -C-O-H 


+ n 


• • 


H/ 4 

Adipic acid 

O / H\ OH /H 
C-|c -C-N- C 1 - N- 

hA 'H- « 

Polyamide 


rH . /A , Hn 

, N -(? K 

LH \H/ HJ 

Hexamethylene diamine 

H 


(28) 


+ (2n - 1)H 2 0 


n 


in which the 0—H from the acid joins with an —H from the amine to 
form water which breaks out as the two molecules are joined together. 
This reaction can continue by the reaction of additional molecules to 
form long chains. By proper control, the length of these supermolecules 
can become very great, and the resulting product is a solid having 
high degree of'strength and toughness. The principal commercia 
product from this class is nylon, finding application as yarn for hosiery, 
fabrics, rope, and cordage, or filaments for bristle brushes or woven 
screens These are representative of the class called thei mop as 
linear condensation products since a molecule of water (of condensation) 
is formed for each reaction bond that is formed. These are considered 

IU ^Celhilos^Derivatives. —Another group of synthetic resins is made by 
starting with materials that are already formed of large lo ng-chai 
molecules. The commonest material of this sort is cellulose—a 
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pound of carbon hydrogen and oxygen in which each repeating unit, of 

rather complicated arrangement, has three —OH groups. Cellulose may 

be reacted at these three points with such things as nitric or acetic acid. 

It is then modified so it may be mixed with other substances that render 

it plastic so it may be formed or molded. These are discussed in detail 
in Chap. VII. 

All the foregoing materials have been of the thermoplastic type—each 

made of large long-chain molecules held together by secondary forces of 

cohesion. They soften when heated, can be molded or formed, and 
harden on cooling. 

Thermosetting Condensates.—Another class of synthetic resins is the 

group which during the heat and pressure cycle of molding form large 

molecules that are three-dimensional networks or cross-linked chains. 
These are the thermosetting resins. 

The most commonly used is the group based on phenol (or related 
substances) and formaldehyde. The reaction is one of condensation— 

as when formaldehyde was reacted with polyvinyl alcohol. The —C_ 

residue of formaldehyde (the methylene link) serves to bond the mole¬ 
cules of phenol together, and since phenol has three reactive points the 
resulting structure becomes a network instead of a long chain: 



C = C 

• I 

H 
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thermoplastic but weak. This is called the A stage. Further heating 
with additional formaldehyde causes further points to react, forming 
interlocking networks of larger molecules with lesser plasticity (the B 

H 

stage) held together by the primary chemical bonds of the —C— links. 

H 

This reaction continues until the resin is no longer softenable on heating, 
nor is it soluble in materials that do not decompose it. It is then fully 
cured, or in the C stage. A molecule of water breaks out for each pri¬ 
mary bond formed. 

In similar manner other materials like urea 

H H 

\ / 

N 

I 

C = O (30)' 

I 

N 

✓ \ 

H H 

can be reacted with formaldehyde and made into thermosetting resins. 
Here are four reactive points (the four hydrogens) which can condense 
with the oxygen of formaldehyde forming the molecule of water which 

H 

splits off each time a —C— link is joined into the chain or network. 

H 

Also melamine 

H H 

N / 

N 

I 

C 

* N 

N N (31) 

I It 

H C C H 

\ ✓ * / \ / 

N N N 

I I 

H H 

can react with formaldehyde at as many as six points (the hydrogens). 
To form a network, all that is required is that somewhat more than 

H 

one — C — link per unit of phenol, urea, or melamine be present. Increas- 

H 

ing the ratio of formaldehyde units increases the rigidity of the fully 
reacted resin. This ratio need not go much over 1.5:1 to reach a maxi¬ 
mum of rigidity. This is discussed more fully in Chap. V. 

Other thermosetting materials may be obtained by condensing a 
polyhydric alcohol such as glycerin with a polybasic acid such as phthalic 

anhydride: 
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H H H 

i i i 

H - C - C - C - H (32) 

. i . # 

OH OH OH 
Glycerin 

H 

I 

C O 

/ ❖ ii 

H-C C-C 


II 

H-C 

\ 


• O 

/ (a) 

C-C 

❖ II 


c o 

H 

Phthalic anhydride 



The hydrogens of the —OH groups on the glycerin molecule can react 
with the oxygen at (a) which bridges the terminal carbons of the phthalic 
anhydride, forming primary chemical bonds between the molecules and 
breaking out a molecule of water. 

The glycerin has three reactive points, and the phthalic anhydride 
has two. Consequently, on reacting in the ratio of 2 moles of glycerin 
to 3 of phthalic anhydride, first, short linear condensation polymers are 
formed, and then these in turn are joined and cross-linked to form a net¬ 
work or thermoset solid. In actual practice, this type is not much used 
because of the length of time it takes to form fully cured solids in this 
manner. The reaction is usually modified by introducing other reac¬ 
tants such as drying oils or drying-oil acids which prevent gel formation 
initially but which by later reaction (with oxygen from the air) cause 
permanent hardening. These are the basis of a large portion of the 
applied finishes now used (see Chap. XII). 

Cross-linked Polymers.—Another type of thermosetting product is 
the reaction of a linear polyester having unsaturated groups (such as the 
condensation product of ethylene glycol and maleic anhydride) with an 

ethylenic monomer such as styrene. The result is a copolymer of three- 
dimensional network structure: 


\ 


r 0 

II 

- c 

I 

c = 

• (a) 




II 


c- o- 


H 

< 0 )„, 




Polyester with unsaturation 
(Glycol maleate) 


H H 

I I 

c=c 

I (6) i 

H C 6 Hfi 
Styrene 


• • 
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The polyester is a long-chain molecule with a C=C double bond 
(a) in each repeating unit which can open up under certain conditions 
and join with the styrene through its double bond (b). Thus the styrene 
forms links or chains that cross-link the polyester into a network. These 
thermosetting polymerization products are discussed more fully in Chap. 
XIII. The condensation of the linear polyester is complete and the 
water of condensation removed before combining with the styrene, so the 
reaction that forms the resin is one of polymerization by direct addition 
and results in no by-products to be removed. Thus, the products may 
be produced at low pressure and still result in solid material free of 
bubbles or voids. Also, since the structure is a network of primary 
chemical bonds, materials of this type cannot be remolded after once 
being cured. They are infusible and insoluble. They may become 
pliable at elevated temperatures and may be formed and then cooled, 
freezing the deformation; but on reheating, they will resume their origi¬ 
nal shape as the strains of deformation are relieved. 

Vulcanizable Elastomers.—Closely allied to the synthetic resins we 
have discussed are the vulcanizable elastomers, or synthetic rubbers. 
Their formation and curing, or vulcanization, are based on the same 
mechanisms as the others. They are long-chain polymers formed from 
simple monomeric substances, and yet they retain residual double bonds 
in the chain that allow for vulcanization or cross linking into three-dimen¬ 
sional networks. They are discussed rather fully in Chap. X. 

The principal constituent of natural rubber appears to be isoprene: 

H H H 


H C H H 

i i i i 

c = c-c = c 

I I 

H H 


(36) 


which is also known as 2-methvl butadiene. In unvulcanized rubber, 
this appears as its linear polymer: 


H CH, H H 

; i i i i ' 

- c-c = c-c- 

■I i : 

! H Hi 


• • • 



Polyisoprene 



As will be shown in a later chapter, this type of chain polymer in an 
unstrained condition is of a zigzag formation like a garter spring, which 

explains its high degree of extensibility. 

The double bonds remaining in the chain will open up to combine 
with the vulcanizing agent, usually sulfur, upon heating and cause the 
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chains to be welded into a network formation that is essentially infusible 
and insoluble. 

In similar manner, the common synthetic rubbers are constructed. 
The earliest of these put into commercial use in the United States was 
Neoprene, or 2-chlorobutadiene. 


• • 


H Cl H H 

i i i i 

c = c- c = c 

I I 

H H 

Chloroprene monomer 


H Cl H H 

iiii 

c-c=c-c- - 

I I 

H H 


■ 

Polychloroprene 


• • 


n 




The difference between polychloroprene and rubber is the substitution 
of chlorine for the methyl (CH 3 ) groups of the isoprene. As a result of 
this difference, the polychloroprene has a high degree of oil and solvent 
resistance. Otherwise, it behaves very much like rubber. 

In like manner, the other common synthetic rubbers are formed. 
Of greatest importance is the butadiene-styrene copolymer known as 
buna S or GR-S rubber: 


H H H H 

iiii 

c = c-c=c 

I I 

H H 

Butadiene 

H H 

i i 

c = c 

I I 


H C 6 H 6 
Styrene 


• 




H 

H 

H 

H ! 

i 

i 

i 

1 

1 ; 


c- c = c- c 


1 

i ! 

1 

H 

H i 

1 

1 

1 

• 

1 

1 

1 

1 

1 

1 


H H 

i i 

c- c - 

I I 

H C 6 H 


Butadiene-styrene copolymer 






It is to be noted that this is made entirely of carbon and hydrogen, 

which suggests that relative to hydrocarbon oils and solvents it would be 

similar in its behavior to natural rubber. This is true; both are swelled 
or dissolved. 
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* Parenthetical numbers refer to source of manufacture: (1) Carbide and Carbon. (2) Du Pont. (3) Standard Oil (N.J.). (4) Dow. (5) Monsanto. 

(6) Goodrich. (7) Shawinigan. (8) Rohm & Haas. (9) American Cyanamid. 

** Only as polymer derived by hydrolysis, 
t Linking two positions on same or other mole. 
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There is another type known as buna N, Perbunan, or GR-N which 
is the copolymer of butadiene and acrylonitrile. 


H H H H : : H H 

I I I I • | I I 

c- C = c- c- “ ... - C “ C ” 

i i ; iii 

H Hi i H CN 


Butadiene-acrylonitrile copolymer 



This differs from buna S in that a C = N group is substituted in the 
chain for the C 6 H 5 ring group of buna S. The presence of this group 
makes buna N resistant to oil and solvents in a manner similar to Neo¬ 
prene. This is in line with their analogues in the ethylenic series— 
polyacrylo nitrile and polyvinyl chloride. 

Another synthetic rubber is Thiokol, or polyethylene tetrasulfide, 
which is a chain polymer something like this 

H H S H H 

I I II II 

•••-C-C-S-S-C-C- ••• (44) 

ii ii i i 

H H S H H 

CLASSIFICATION OF SYNTHETIC RESINS 


Let us pause for a moment and classify the synthetic resins we have 
discussed. They can be grouped into six classes, as in Table VIII. 

Table III.— Class 2. Thermoplastic Condensation Products 


Basic structure 


Reaction products of dibasic carboxylic 
acids with 

1. Dihydric alcohols to form 'polyesters 

n[HOOC(CH 2 ) ni COOH] 

+ n[HO-(CH 2 WOH] -> 


O O 

(H-fCHA- -ll-O- 


LC-(CH,)„ I .C-0-(CH,)n 1 -OJ 

+ (2n - 1)H 2 0 

2. Diamines to form polyamides 

n[HOOC(CH 2 ) ni COOH] 

+ n[H 2 N-(CH 2 )„,-NH 2 ] — 
0 OH HI 

L (*• (CHj).,!-N-(CH 2 ) v N J n 

+ (2n - 1)H 2 0 


Commercial 

resins* 


Polyester resins 
(2), (9), (12) 


Character and uses 


Nondrying plasticizers 
for varnishes, lac¬ 
quers, and other 
coatings 


Polyamide res¬ 
ins (nylons) (2) 


• • • 



Tough, elastic solvent 
resistant, high melt¬ 
ing, crystalline. Ex¬ 
truded and drawn 
into textile fibers, 
bristles, filaments. 
Molded parts 


<12* Re^oufproducS 156 " 8 ^ *° ° f manufaoture: (2) Du P< ™‘- <») American Cyanamid. 
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Table IV. —Class 3. Thermoplastic Celltjlosic Products 


Basic structures 


Cellulose: 


0 


H OH b 

i—A 


H 


H 


\ / 


H 


X \ 


H 2 A— 


o 


/ \ 


OH' 



is reacted with nitric acid to substitute NO 2 
for H at a , b , c to nitrogen content 10.5 to 
12.2%: or with acetic, propionic, or butyric 
anhydride: or with ethyl,t methyl,f or 
benzylt chloride to substitute acetyl, pro- 
pionyl, butyryl; ethyl, methyl, or benzyl 
groups at a ' bi c to form the ester or ether. 


Commercial resins* 

Character and uses 

Cellulose nitrate (2), (5), 
(13), (16), (17) (Nitro¬ 
gen 10.5-11.5%) 

Plastic sheet, tube, rod. and 
formed or fabricated parts 

Cellulose nitrate (2), (5), 
(13), (16) (Nitrogen 

11.5-12.2%) 

Base for lacquers and coat¬ 
ings 

Cellulose acetate (2), (5), 
(13), (14), (16) (Acetyl 
36.5-42.0%) 

Base for lacquers, textile 
fibers, film, and plastics for 
extrusion, molding, casting, 
and coating 

Cellulose acetate-pro¬ 
pionate (13), (16) (Ace¬ 
tyl )5%, propionyl 
33%) 

Base for lacquers and film 
Somewhat better plasticizer 
retention and better solu¬ 
bility than straight acetate 

Cellulose acetate-buty¬ 
rate (13 /t (Aco yl 
32%, butyryl 16%; or 
acetyl 15%, butyryl 
38%) 

Plasticized for extrusion and 
molding. Has better aging 
stability and plasticizer re¬ 
tention than acetate and is 
more stable in presence of 
moisture 

Ethyl cellulose (4), (13) 
(Ethoxyl 41-48%) 

Plasticized for molding and 
extrusion; cast from solu¬ 
tion as film or lacquer; 
modifier for varnish resins; 
used in manufacture of 
coated fabrics and hot melt 
coats. Flexible at low tem¬ 
peratures; alkali resistant 

Methyl cellulose (4), 
(13) (Methoxyl 25- 
30%) 

Water soluble: used as dis¬ 
persing and emulsifying 
agent; thickening agent, ad¬ 
hesive, paper sizing 

Benzyl cellulose 

Lower softening point than 
ethyl cellulose: suitable for 
lacquer base, but little used 


* Numbers refer to sources of manufacture: (2) Du Pont. (4) Dow. (5) Monsanto. (13) 
Hercules. (14) Tenn. Eastman. (16) Celanese. (17) Nixon Nitration. 

f Converted first to sodium cellulose before reacting with alkyl or aryl halides. 


Tables II to VII show these classes and summarize their character¬ 
istics. 

It Mill be noted that classes 1 to 3 are all thermoplastic. These are 
all formed of long-chain linear molecules. The primary chemical bonds 
from atom to atom are all within the chains, without appreciable cross 
linking. The secondary forces causing the chains to cohere into a solid 
body are of a different sort. Under high stress, these bonds will slip, 
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Table V. —Class 4. Thermosetting Condensation Products 

A. Phenolics 


Basic structure 


Phenols: 


R2 R3 

u 

HO— 


R 


R6 Rs 

a. Phenol: All R’s = H 

b. Cresol: Any one of the 
R's is CH3; all others, H. 

c. Xylenol: Any two of the 
R's are CH3; remainder, 
H 

d. Para-substituted phenols 
R4 is amyl, butyl, iso¬ 
butyl, phenyl, phenyl- 
ethyl, etc. Other R’s 
are H 

These are joined by methyl - 

H 

ene bridge —C— as result of 

H 

condensation of HCHO or 
(CH 2 )6N 4 with the hydrogens 
of phenols (where R 2 , R 4 , 
R6 = H). One molecule of 
H 2 O breaks out for each 
methylene bridge formed from 

formaldehyde combination. 

H 

Ratios of —C— bridges to 

H 

phenols greater than 1:1 form 
three-dimensional networks of 
primary bonds as thermoset 
resins 


Commercial resins* 


Phenolic molding resin: 
R = H at all points. 
Methylenes to phenol ratio 
about 0.9; pH < 7 for re¬ 
action; then = 7. Re¬ 
duced to dry powder and 
mixed with (CH 2 )gNi to 
bring methylene-to-phenol 
ratio up to 1.5 minimum 
(1), (5), (10), (14) 


Phenolic laminating resins: 

R = H 90-100% with no 

more than 2 substitutes on 

any molecule and confining 

substitutions to R 3 , R 4 , and 

Rs principally. Ratio 

H 

methylene —C— units to 

H 

phenols about 1 o; reacted 
as HCHO or (CH 2 )eN< in 
water—partially to fully 
dehydrated. Used in wide 
range of molecular weights 
in solution as varnish de¬ 
pending on degree of pene¬ 
tration of fibers required 
(1), (5), (12), (11), (10), (14) 


Phenolic oil soluble resins: 
R = methyl, 20-40%; = H 

60-80% or R 4 = amyl, 
butyl, isobutyl, phenyl, or 
phenylethyl 100 %; other 
R s = H. React with 
HCHO, ratio about 1 ; 
PH > 7 (1), (12), ( 11 ), (14) 


Character and uses 


Mixed with all types of fillers: wood 
flour, cotton flock, asbestos, chopped 
fabric. Masticated and ground. 
Molded into thermoset parts by com¬ 
pression or transfer methods. 
Widely used for electrical insulating, 
structural parts, buttons, bottle 
closures, mechanical and decorative 
articles. Limited to dark colors 


Used as impregnant and coating on 
fibrous webs of all kinds in the pro¬ 
duction of laminated sheets, tubes, 
rods, molded-laminatcd or felted 
shapes—high or low pressure, de¬ 
pending on characteristics required in 
finished product. All products are 
thermoset. Resin in cured state is 
hard and nonductilc—a three-dimen¬ 
sional network of primary bonds. 
Wide variety of properties available 
by control of initial viscosity of resin 
and by selection of appropriate fillers 


Used in combination with drying oils, 
polyesters, etc., as surface coatings 
for wood, metal, fabric, etc., for 
finish and protection. Have good 
water and weather resistance 


* Parenthetical numbers refer to sources of manufacturp* Hi p n .i •,]„ 0 ^ 

U0, m G eneral EIectric . (»> Reichold C heraica , JET* 


but will reform after slippage. This mechanism imparts a certain 

amount of ductility to these substances. Heating weakens these second- 

y forces, allowing the resin to soften and become plastic at elevated 
temperatures—only to harden upon subsequent cooling. 

Classes 4 5, and 6 are, in their cured form, networks of primary 
chemical bonds which are not ductile. When such bonds are broken by 
deformatmn they will not reform; when they are strained by deforma- 

re faee remai " S UDtil * * reIi -d by 
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Table V. —Class 4. Thermosetting Condensation Products.— (Continued) 

B. Amino 


Basic structure 

Commercial resins* 

• 

Character and uses 

Urea: 

H 0 H 

^ A J, 

A A 

Melamine: 

H—N—H 

A 

/ V 

H N N H 

U AJr 

A \/ A 

or mixtures of the two are reacted 
with HCHO to form methylols 

H II 

' \ II 

C—N—C—0—H 

v / 1 

H 

which further react.to form meth¬ 
ylene bridges 

/ H H 

''\ I h i 

C—N—C—N—C 

H \/ 

\ / 

\ ' 

and breaking out 1 mole H 2 O. 
Mol. ratios of HCHO to the urea 
or melamine greater than 1: 1 give 
thermosetting resins. Usually the 
ratio is about 2:1, and some excess 
HiCO is liberated on final curing 

Urea-formaldehyde resin 
formed under pH > 7 
but cured at pH < 7 (1), 
(9), (12), (18) 

Mixed with purified cellulose filler, 
pigments, etc., ground and molded 
into hard, rigid molded parts. 
Infinite range of colors. Stable 
to light. Adhesive 

Urea-melamine-formalde¬ 
hyde with melamine con¬ 
stituting only 15-30% of 
amidogens. Made as 

water soluble sirup pH > 

7 but pH < 7 when dried 
and undergoing heat and 
pressure cure cycle (1), 
(5), (9), (12), (18) 

Impregnant for purified cellulose 
flock or paper pigmented or dyed 
for color. Molded or laminated 
for hard rigid molded or laminated 
white, colored, translucent, or 
opaque. Stable to light—im¬ 

proved dimensional and moisture 
stability compared with straight 
urea-formaldahyde. Also adhe¬ 
sive 

Melamine-formaldehyde 
resin (1), (5), (9), (12), 
(18) 

Incorporated into paper in small 
quantities to give high wet 
strength; imparts crush-proofness 
to textiles; makes water-, heat- and 
track-resistant electrical insulation 
with inorganic filler. Also as 
adhesive 

Alcohol modified urea-, 
urea-melamine-, or mel¬ 
amine-formaldehyde res¬ 
ins (by reacting an alco¬ 
hol, butanol or higher, 
with the condensation 
product at an early state, 
especially dimethylol 

urea) formed and kept in 
alcohol solution (9), (12) 

Combined with alkyd resins (poly¬ 
esters) and oils in formulation of 
quick-baking finishes with hard but 
flexible surface and with good color 
stability and resistance to weather¬ 
ing 


* Parenthetical numbers refer to source of manufacture: (1) Carbide & Carbon. (5) Monsanto. 
(9) American Cyanamid. (12) Resinous Products. (18) Plaskon. 


PRIMARY AND SECONDARY BONDS 

The primary chemical bonds within the molecule are very much 
stronger than the secondary bonds of cohesion between molecules. Thus, 
it might be thought that the thermosetting materials that have a net¬ 
work of primary bonds uniting the molecules would be stronger than the 
thermoplastic materials whose cohesion is through the weaker secondary 
forces. This is not necessarily true in the case of tests made on actual 
samples. The difference lies in the comparative ductility of the thermo¬ 
plastics which allows the secondary bonds at points of concentrated 
stress to slip and re-form to give more uniform stress distribution so that 
a given size sample may carry more load without fracture than the non- 
ductile thermoset resin with its very strong bonds, but with the lack of a 




CHEMICAL STRUCTURE OF SYNTHETIC RESINS 


21 


Table V.—Class 4. Thermosetting Condensation Products.—( Continued) 

C. Polyesters: Alkyd Resins 


Basic structure 

Commercial resins* 

Character and uses 

(a). Polyhydric alcohols 

Usually glycerol 

H H H 

h A—A A h 

H— A A— H A— H 

or Pentaerythritol 
or Dipentaerythritol 

Glyceryl phthalate with 
semidrying oils (2), (9), 
(10), (11), (12), (13) 

Heat-resistant, air-drying, and 
heat-convertible resin. Good 

color retention. Protective 

coats, automobiles, refrigerators 

I 

H—C 
OH 

TT A / 

I 

1 —OH 

H 

^ P TT 

Glyceryl phthalate with 
drying oils (2), (9), (10), 
(11), (12), (13) 

Air-drying or fast-curing resins 
for insulation or protective coats 

IJL C V 

A 

HO—( 
I 

( b ). Polybasic acidi 
anhydride or n 

TT 

( 1 in 

y -H 

I 

i, usually phthalic 
laleic anhydride 

CO 0 

H—^C— A 11—C— A 

\> X o 

/ a / a 

H—C C—C H—C—C 

\/ A A 

H 

or derivatives of maleic. 

(c). Drying oils or drying oil acids: de¬ 
hydrated castor, tung, soya, lin¬ 
seed, oiticica, etc. 

Glyceryl phthalate with 
drying oils and phenol- 
formaldehyde (2), (9), 

(10), (11), (12), (13) 

Air-drying or baking moisture 
and heat-resisting coatings 

Glyceryl maleate with 
rosin (13) 

Hard, brittle resin for wood¬ 
finishing lacquers 

(o) and (6) are reacted at high tempera¬ 
ture. The H’s of the alcoholic—OH 
condense with /0\ at a to form 

9 primary bonds of the ester and break 
out a molecule of H 2 O. (c) is added 
to prevent three-dimensional net¬ 
work formation in reaction; or (a) 
and (c) are reacted to mono- and 
diglycerides and (6) is added. 


♦Parenthetical numbers refer to source of manufacture: (2) Du Pont. (9) American Cyanamid. 
(10) General Electric. (11) Reichhold. (12) Resinous Products. (13) Hercules. 


means for stress equalizing. On the other hand, where stability of 
dimensions under load is important, the ductility of the thermoplastics 
may be a liability. 


Another characteristic of the linear long-chain polymers is the ability 
to orient the chains by stretching of the thermoplastic which pulls the 
molecules more or less into alignment, since the primary bonds of the 







22 


FUNDAMENTALS OF PLASTICS 


Table VI.—Class 5. Thermosetting Polymerization Products 


Basic structure 


Commercial resins* 


Character and uses 


A. Unsaturated alkyd copolymers, e.(j., 
glycol maleate 


0 O 

h A 

u 


»— (CH>)n— O — 


L H H 

and an ethylenic monomer, usually 
styrene 

II H 

u 

I b 1 

H C«Hi 

are caused to copolymerize under con¬ 
ditions of temperature and catalysis 
which activate the double bonds at a and 
b causing formation of styrene chains 
cross linking the glycol maleate in forma¬ 
tion of a three-dimensional network 

Polyfunctional unsaturates such as: 
diallyl phthalate; allyl methacrylate; 
divinyl benzene, each containing two 
pairs of double bonds will polymerize 
alone or in combination with other 
ethylenic monomers to form three-di¬ 
mensional cross-linked networks 


Glycol maleate—styrene 
copolymerized in situ 

(1), (5), (9), (18) 

Diallyl phthalate alone 
or in combination with 
glycol maleate poly¬ 
merized in situ (10), 
(19) 


Other polyfunctional 
unsaturated allyl alco¬ 
hol derivatives often 
esters of dibasic acids 
polymerized alone or in 
combination with other 
unsaturated monomers 
in situ (20) 


As an impregnant or saturant 
for paper, fabric, fibrous forms 
in the production of low- 
pressure or "contact” molded 
articles where the reactants 
are introduced as a liquid and 
caused to harden by polymer¬ 
ization in situ into a tough, 
rigid, nonductile resin forming 
a more or less continuous 
phase through the structure. 
Casting must be made to final 
shape since it cannot be 
molded or re-formed because 
the network of primary bonds 
is fixed at the time of poly¬ 
merization. Aircraft parts, 
electrical insulation, mechan¬ 
ical sheets, and (without filler) 
clear transparent casting 


Styrene—divinyl ben- Infusible, insoluble castings for 

zone copolymers (5), electrical (loss-loss) insulation 
( 10 ) 


Methyl methacrylate, 
allyl methacrylate (or 
glycol dimethacrylate) 
copolymers (2) 


Infusible, insoluble, clear cast¬ 
ings—not in production be¬ 
cause of difficulty in control of 
shrinkage stress in polymer¬ 
ized casting 


* Parenthetical numbers refer to source of manufacture: (1) Carbide & Carbon. (2) Du Pont. 
(5) Monsanto. (9) American Cyanamid. (10) General Electric. (18) Plaskon. (19) Shell Chem¬ 
ical. (20) Columbia Chemical. 


chain are so much stronger than the secondary forces of cohesion among 
them that these can slip and re-form. In the case of some polymers, 
such as polyethylene, polyvinylidene chloride, and certain polyamides* 
the unit strength can be increased several fold by orientation up to as 


much as 50,000 p.s.i. 

The effect of cross linking on this property is very marked. 


It takes 


relatively few cross links (one or two parts per thousand) to change a 
material from a thermoplastic that is fusible and soluble to one that is 
infusible and relatively insoluble. This brings up the general rules or 
postulates that appear to govern such phenomena. It is to be noted 
that all those materials which on polymerization or condensation formed 
thermoplastics were made of molecules that had only enough bonds oi 
points of reaction to allow them to form chains without cross link. Those 
which had more than enough reactive positions available than an average 
of two formed cross-linked substances or gels. The number of reactive 
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Table VII.— Class 6. Vulcanizable Rubberlike Polymers 


Basic structure 

Commercial resins* 

Character and uses 

Monomers: 

a. H Ri H H 

A A 

b. H Ri 

cU 

4 L 

Polymers: 

/H Ri H H \ 

• • • — [ c—c=c—c— )— • • 

\H H 

/ H Ri \ 

. . . — c—C— )— • • • 

\ H R 2 /n 2 

* 

• 

Neoprene: polymer of (a) 
only, where Ri is Cl (2) 

Oil-resistant synthetic rubber 
available as solid or as latex sus¬ 
pension. Vulcanizable; resists oxi¬ 
dation 

Buna S: copolymer of (a) 
and (6) where Ri is H, R 2 
is CcHs and R 3 is H and 
ratios 712/m range H to 1 
(21) 

A hydrocarbon, hence not oil re¬ 
sistant. Is the most abundant and 
lowest cost. Used for general pur¬ 
poses where synthetic replaces 
natural rubber, especially tire 
casings. Furnished as crepe or 
latex. Vulcanizable into hard or 
soft formulations 

Buna N: copolymer of (a) 
and (6) where Ri is H, R 2 
is CN and Ra is H and 
ratios 712/711 range ^ to 

H (21), (22) 

• 

Oil resistant, vulcanizable, can be 
milled with polyvinyl chloride to 
a compatible mixture which can 
be vulcanized. Used more or less 
interchangeably with Neoprene 

Butyl rubber: copolymer 
(a) and (6) where Ri is 
CHa and R 2 is CHa and 
R 3 is CHa and ratios 712/711 
range 10 to 20 (3) 

A hydrocarbon that can be used 
alone as a vulcanizable rubber or 
can be mixed with waxes to make 
flexible waterproof coatings for 
paper. Flexible at low tempera¬ 
tures. Good for inner tubes 

S 

H H II H H 

• • • —c—c—s—s—c—c— • • • 

H H | H H 

from ethylene dichloride and 
sodium tetrasulfide 

Thiokol: several grades of 
olefin-polysulfides (23) 

Oil resistant, vulcanizable with zinc 
oxide. Used for gaskets, hose, 
diaphragms, balloon linings; linings 
for gasoline storage. Has strong 
disagreeable odor 


♦Parenthetical numbers refer to source of manufacture: (2) Du Pont. (3) Standard (N.J.). 
21) Rubber Reserve Corp. (22) Hycar Chem. (23) Thiokol Corp. 


Table VIII.— Classes of Synthetic Resins 

1. Thermoplastic linear polymerization products that include the ethylenic series 
(see Table II). 

2. Thermoplastic linear condensation products such as the linear polyesters and 
polyamides (see Table III). 

3. Thermoplastic cellulosic derivatives such as cellulose nitrate, cellulose acetate, 
and ethyl cellulose (see Table IV). 

4. Thermosetting condensation products such as the phenolics, ureas, melamines, 
and glyceryl phthalates (see Table V). 

5. Thermosetting polymerization products such as the copolymer of glycol maleate 
with styrene (see Table VI). 

6. Vulcanizable rubberlike polymers such as polychloroprene, the butadiene-styrene 
or butadiene-acrylonitrile copolymers, and Thiokol (see Table VII). 
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points is often called the functionality of the substance. Table IX lists 
several substances with their respective functionality. 


Table IX 

Substance 

Ethylene and all simple ethylenic monomers.... 

Phenol. 

Formaldehyde. 

Urea. 

Melamine. 

Glycerin. 

Ethylene glycol. 

Maleic anhydride. 

Adipic acid. 

Hexamethvlene diamine. 


Functionality 

2 for polymerization 

3 for condensation 

2 for condensation 

4 for condensation 
6 for condensation 

3 for condensation 
2 for condensation 

{ 2 for condensation 
2 for polymerization 
2 for condensation 
2 for condensation 


Based on the concept of functionality, Kienle 3 formulated the follow¬ 
ing postulates relating molecular structure to physical properties: 

Postulate 1: Organic compounds of an extremely high molecular 
weight are formed only when the interacting molecules are polyreactive. 

This means that each of the reacting molecules is capable of reacting 
through more than one primary valence bond. In other words, the 
functionality must be greater than 1. Where ethylene is polymerized 
to polyethylene, it is reacting through its two reactive points and can 
form only linear chains. Likewise, adipic acid and hexamethylene 
diamine each with functionality 2 react to form chains. On the other 
hand, phenol (functionality 3) and formaldehyde (functionality 2) react 
to form networks where sufficient formaldehyde is available. 

Postulate 2: The interlinking of the molecules proceeds according to 
the chance contact of any two “individual reactive points.” 

This suggests the necessity for sufficiently intimate contact to be 
made at the reactive points to allow the reaction to take place and that 
the greater the probability of contact, the more likely the bond mil be 

formed. 

Postulate 3: The relative size and shape of the reacting molecules and 
the position of the reactive points largely determines the physical prop¬ 
erties of the resulting polymer, such as hardness, flexibility, and heat 

convertibility. 

It will be well to refer to these postulates from time to time in connec¬ 
tion with further study in subsequent chapters to see if they are borne 

out. 

Polar and Nonpolar Compounds.—It will be found on examination 
of the synthetic resins in subsequent chapters that the characteristics 
of cohesion, solubility, adhesion, and miscibility depend on the polarity or 
nonpolarity of the molecules. Certain of the groups found in the mole- 
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cules shown in this chapter impart an electrostatic charge to the position 
on the molecule where they are located. Where these groups are unsym- 
metrically placed, they cause the molecule to behave as though it were 
a magnet. When such materials are placed in an electrostatic field, 
they tend to align themselves with it in the same manner as a magnet 
in a magnetic field. Some of these polar groups are OH, CN, NO-., 
COOH, NH 2 , Cl, etc. Nonpolar groups are CH 3 , C 6 H 5 . 

In general, highly polar substances of a given average molecular size 
have a higher degree of cohesion than nonpolar substances. Further¬ 
more, polar substances have greater affinity for each other, as evidenced 
by mutual adhesion, solubility, or miscibility, than they do for nonpolar 
substances. In like manner, the nonpolar substances behave toward 
each other and toward polar substances. Solubility and miscibility are 
also dependent on other factors; so the above remarks must not be taken 
too literally at this point. 
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CHAPTER II 


MATERIALS OF CONSTRUCTION BASED ON SYNTHETIC 

RESINS 

By Herbert J. West 

Plastics Division , American Cyanamid Company , New York , N.Y. 

In Chap. I the relationship of the structure of synthetic resins to their 
properties was demonstrated. It was shown that the ethylenic linkage 
is common to many of the linear thermoplastic resins and that the prop¬ 
erties of the polymers vary with the type of substituent groupings. 
Cellulose plastics were seen as linear polymers formed by chemical 
modification of the parent cellulose molecule, the properties again varying 
with the type of the radical introduced into the molecule. 

It was also shown that high-molecular-weight polymers could be 
built up by condensation reactions between polyamines and polybasic 
acids, polyhydric alcohols and polybasic acids, or by interreacting 
methylol groups produced by the reaction of formaldehyde with various 
compounds. As to whether the synthetic resins obtained are thermo¬ 
setting or thermoplastic would depend upon the number of reactive 
groups in each reactant, since this determined whether the structure 
obtained would be two dimensional or three dimensional. 

It was further shown that three-dimensional structures could also be 
developed by cross-linking preformed linear chains, the method used in 
vulcanizing of rubberlike polymers. Certain new types of polyester 
resins are dependent upon this mechanism for their ability to cure. 

Upon these various types of synthetic resins, the vast modern plastics 
industry has been built. It is the purpose of this chapter to indicate in 
a broad sense by what various methods the resins can be used to develop 
those properties which are required in the finished plastic. 

Perhaps the most important fact to be remembered from the theo¬ 
retical discussion in Chap. I is that the synthetic resins fall into one of 
these two classifications: 

1. Those which are polymerized completely prior to use as a plastic. 
All thermoplastic materials fall into this class except in very special 
cases where the parent monomer is used in a casting operation. 

2. Those which are advanced only to the A or B stage prior to use 
in the compounding or assembling operations. The cure is completed 
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during the subsequent molding or fabricating. All thermosetting mate¬ 
rials are in this class. 

APPLICATION OF THE RESIN TO THE FORMULATION OF PLASTICS 

A plastic may be defined as any material based on synthetic resins 
which can be permanently shaped under the influence of pressure, or heat 
and pressure, or by a simple casting operation. Synthetic resins all 
possess inherent characteristics that make possible their use in products 
for the plastics industry, but in many cases they cannot be used without 
modification. Frequently, the resin itself is too brittle or lacks dimen¬ 
sional stability and must be plasticized or reinforced with a filler to 
develop useful properties. 

The methods used for modification differ widely, depending upon the 
type of application and the nature of the synthetic resin. Those resins 
which can be used alone or modified by the addition of fillers or plasti¬ 
cizers are shown in the following tabulation: 

1. Resins usable without modification 

Acrylic and methacrylic esters 

Certain vinyl polymers or copolymers 

Ethyl cellulose 

Polystyrene 

Vinylidene chloride copolymers 

Polyamides 

Phcnolics (mostly casting types) 

2. Resins whose properties can be modified by plasticizers 

Most thermoplastics, particularly vinyls and cellulosics 

3. Resins used with the addition of fillers 

All the thermosetting types 

Exceptions: casting phcnolics, allyl alcohol resins, and other 

types of cross-linked polyester resins 

Hefore discussing the types of materials used in modifying the resins, 
it would be well to keep in mind the following broad fields of application 
of plastics, each of which will be discussed in detail in later chapters. 

1. Production of molded articles by compression, extrusion, and other 

methods 

2. Casting molded articles and clear sheets 

3. Production of flexible sheeting and tubing by extrusion and other 
methods 

4. Spinning of synthetic fibers 

5. Lamination of paper and various fabrics 

<». Resin bonding of plywood 

7. Protective and decorative coatings on fabrics, wmod, and metals 
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Use of the Resins in the Unmodified Form.—Some of the thermo¬ 
plastic types, notably methyl methacrylate, can be used successfully in 
the unmodified form for the manufacture of an extremely wide range of 
articles by casting, or by extrusion, injection, or compression molding. 
In many cases the monomeric form from which the thermoplastic molding 
material is produced is a pure chemical entity that can be purified by 
distillation and other methods to produce a water-white brilliantly clear 
liquid. The polymer obtained can then be molded into articles oi 
crystal clarity and appealing beauty even more transparent than 
glass. 

The ease with which these resins can be fabricated into complex 
shapes is a function of their thermoplasticity which, however, also con¬ 
stitutes a major limitation in the field of usefulness of the molded articles. 
They can be used only in applications where excessive heat is not encoun¬ 
tered and, in most cases, will not withstand the temperature of boiling 
water; although several improvements in the heat resistance of certain 
thermoplastic molding materials have been announced within the past 
two years. For example, methyl methacrylate molding material is now 
available which will produce moldings capable of withstanding boiling 
water, and Monsanto Chemical Company has recently announced Cerex 
a thermoplastic with a heat-distortion temperature of 225°F. Nylon 
moldings can resist very high temperatures under no load. 

The types of products that can be fabricated from clear thermoplastic 
resins vary from highly flexible sheeting and tubing obtainable from 
vinyl polymers (usually plasticized) or ethyl cellulose to the highly rigid 
methyl methacrylate sheets used in aircraft glazing. Many of the non- 
rigid types, being highly impermeable to water vapor and completely 
inert to greases, fruit juices, fungus growth, etc., are highly suitable for 
packaging foodstuffs. Other nonrigid types, having outstanding elec¬ 
trical resistance, are widely used for cable insulation. 

As shown in Chap. I, the properties of the vinyl resins are largely 
determined by the nature of the substituent groupings. All these are 
more or less polar in character, with the exception of the phenyl group in 
polystyrene, and therefore, adversely effect electrical properties. One 
of the newest plastics, polyethylene, is a straight-chain polymer pro¬ 
duced from ethylene and may be regarded as polyvinyl without any 
modifying groupings. It is therefore nonpolar and inert electrically. 
It is unsurpassed by any other resin in its low loss factor and dielectric 
constant and is almost entirely used at present in the unmodified form 
for cable insulation in high-frequency applications. 

The rigid types are used in such a diversified range of products, both 
ornamental and functional, that no attempt will be made to mention 
more than a few of the more important applications. 
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Nonrigid Plastics (Clear) 
Safety-glass interlayer 
Extruded cable insulation 
Protective wrappings for food¬ 
stuffs 

Container caps 
Leather finishes 
Waterproof curtains 


Rigid Plastics (Clear) 
Aircraft glazing (cockpit en¬ 
closures) 

Instrument housings 
Goggles 

Toothbrush handles 
Toiletware 
Light fixtures 
Bathroom fixtures 
Gauge glasses 
Lenses 

Display cases 
Novelty jewelry 


To summarize, several of the thermoplastic resins can be used in the 
construction of a wide range of products without any modification what¬ 
soever, except for the incorporation of pigments or dyes to produce 
colored effects. However, as will be shown later, many specific prop¬ 
erties can be improved or special properties developed by the addition 

of modifying agents, such as plasticizers. 

y^ previously mentioned, the use of theimosetting matenals in the 

unmodified form is largely restricted to articles produced by casting, 
although a limited series of phenolic resins can be molded in the unmodi¬ 
fied form. However, at least prior to the introduction of the new types 
of cross-linked polyester resins, it was not possible to obtain cast thermo¬ 
setting plastics with the same brilliance and clarity of certain of the 
thermoplastics. Although phenol-formaldehyde resin castings are 
obtainable in almost water-white condition, they yellow rapidly on aging 
and, therefore, are best made in the colored form. As such, they have 
found wide usage in numerous applications, such as radio cabinets, 
display panels, and cutlery handles. The castings are outstanding in 
durability, chemical resistance, dimensional stability at ordinary tem¬ 
peratures, and resistance to solvents. In the casting of phenolic resins, 
a liquid resin is poured into open molds and hardened at atmospheric 
pressure at moderate temperatures for periods up to 10 days, depending 
upon the size of the casting. Although the molds required are much less 
costly than molds employed in compression or injection molding, the 
rate of production is extremely slow, and it is highly probable that cast 
phenolies will be largely supplanted by thermoplastics, which can be 
injection molded at such an extremely high rate of production as largely 

to offset the cost of the equipment required. 

Several new types of resins that may be described as cross-linked 

polyesters have been introduced during the past two years. Although 
these resins are true thermosetting types, they resemble the thermo¬ 
plastics in some of their properties. They are available as practically 
water-white liquids of relatively low viscosity, which cure under the 
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influence of catalysts by three-dimensional polymerization. The cure 
is effected at relatively low temperatures and can be extremely rapid. 
The production of fabric laminates at contact or low pressure for use in 
protective shields for aircraft fuel cells and for the construction of 
Radar housings has been their chief application up to the present time, 
but they can also be used in the production of cast sheets and rods which, 
because of the infusible nature of the polymers, are outstanding in heat 
resistance. However, this new development remains largely in the 
experimental stage. 

The production of synthetic fibers is the most striking use of unmodi¬ 
fied synthetic resins, and the development of this industry has paralleled 
the growth of the plastics industry. Until the 1930’s practically all 
synthetic fibers were based on the use of cellulose, and even now by far 
the greatest proportion of the rayon manufactured is regenerated cellulose 
made by the viscose process. Four processes are available for manufac¬ 
turing rayon; the viscose, cuprammonium, nitrocellulose, and cellulose 
acetate processes. The first two involve chemical reaction of the cellulose 
to an intermediate soluble cellulose derivative which is spun into filaments 
and the filaments treated with acid solutions to regenerate the cellulose 
itself. The nitrocellulose process is little used at the present time, but 
the manufacture of cellulose acetate rayon has developed into an impor¬ 
tant industry. 


One of the most important technological discoveries of recent years 
was that the distribution of the molecules in linear thermoplastic resins 
could be modified by cold-drawing. Many of the thermoplastic resin 
molecules have been shown to be crystalline in character, but immediately 
after spinning, X-ray diagrams show that the crystals have random 
orientation. When the fibers are stretched, the molecules are lined up 
parallel to the fiber axis and the fibers, which originally lacked strength, 
now became tough and elastic. This principle is applied to the sp inni ng 
of fiber from vinyl chloride-acetate copolymer but has reached its most 


spectacular stage of development in the manufacture of nylon. 

Nylon is the generic name applied to the polyamides derived fror 
diamines, such as hexamethylene diamine, and dibasic acids, such a 
adipic acid. The fibers of these materials are obtained by extrudin 
the molten resin through spinnerets and allowing the filaments obtaine. 
to cool and solidify. In this form, the material is relatively brittle bu 
can be drawn to about four times its original length, when the orienta 
tion referred to takes place. The resulting fiber is superior in physica 
properties to natural silk and therefore played an extremely importan 
part in the war effort in the manufacture of parachute cloth, etc. 

. 7 he P re Paration and properties of this type of resin will be discussec 
m detail in Chap. XII. 
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Modification of Properties by the Use of Plasticizers—Many of the 
thermoplastic materials are deficient in the requisites necessary for the 
fabrication of parts with properties such as' toughness, shock resistance, 
flexibility, noninflammability, and low temperature resistance, and to 
develop these properties recourse is frequently made to modification with 
chemicals known as plasticizers. These are usually liquids with high 
boiling points and extremely low volatility at ordinary temperatures, 
which can be compounded with the thermoplastic material to decrease 
brittleness and increase moldability. The characteristics of thermoplas¬ 
tics usually improve with increased molecular weight, but, unfortunately, 
working properties decrease also, and the highest molecular weight 
materials are often extremely difficult to mold. Therefore the addition 
of a plasticizer may serve the twofold purpose of increasing flexibility 
and developing workability in high-molecular-weight polymers. 

During the past twenty years, thousands of chemicals have been 
synthesized and tested as plasticizers for synthetic resins. A large num¬ 
ber of these have found use in specific applications, while a few outstand¬ 
ing products, such as dibutyl phthalate, have assumed the greatest 
importance in the field of plastics and are produced in extremely large 
quantities. 

No ideal plasticizer exists suitable for use with all types of resins, and 
the properties developed through the use of any particular one should be 
carefully checked against the performance requirements of the intended 
application. Some sacrifice in certain characteristics can usually be 
anticipated. For example, most plasticizers are freely miscible with 
common solvents, and therefore the solvent resistance of a plasticized 
resin is usuallv inferior to that of the unmodified resin. 

The manufacture of flexible cable insulation is one of the more impor¬ 
tant uses for plasticized nonrigid plastics, and the maintenance of dielec¬ 
tric strength is therefore essential. Most of the common plasticizers 
are highly polar In puds and are unsuitable as dielectrics so that special 
types are required when electrical properties are important. 

There are three fundamental requirements for a plasticizer, regardless 
of the application, viz., low volatility, good compatibility with the resin, 
and chemical stability; other properties that must be considered are 
inflammability, heat resistance, resistance to photochemical change, 
water, oil, and grease resistance, odor, taste, and color, and electrical 
properties. Obviously, the relative importance of these properties 
depends upon the intended application lor the finished plastic. 

By far the majority of chemical plasticizers are esters of organic 
acids. Castor oil, still the most widely used plasticizer, if one includes 
flexible nitroeotton fabric finishes, is the triricinoleic acid ester of glycerine 
and. therefore, falls within this classification. Several of the esters of 
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phosphoric acid are of considerable importance because of their lack of 
inflammability. 

Some important plasticizers in common use today are listed in 1 able 1 
together with their significant characteristics. 


Table I.— Plasticizers 



Vapor 

pressure, 

mm. 

Boiling range, 
deg. C. 

Flash 

point, 

deg. C. 

Water 
solubility, 
grams per 
liter 

Dibutyl phthalate. 

0.01 

335 

168 

0.03 

Dioctyl phthalate. 

0.01 

220-235 at 4 mm. 

218 

0.01 

Tricresyl phosphate. 

— 

235-255 at 4 mm. 

230 

0.002 

Dibutyl sebacate. 

Triethylene glycol di-2-ethyl- 


350 

178 

0.1 

hexoate. 

0.01 

215 at 5 mm. 

207 



Apart from the development of certain properties for specific appli¬ 
cations, the most satisfactory plasticizer is one that permanently over¬ 
comes brittleness with the least sacrifice in tensile strength. The vapor 
pressure of the plasticizer is one factor obviously influencing the degree 
of permanency, although the necessity for an extremely low vapor pres¬ 
sure depends to some extent upon the thickness of the parts involved. 
The rate of evaporation of the plasticizer is also affected by its degree 
of compatibility with the resin, since the solution effect has a direct bear¬ 
ing on vapor pressure. 

Performance at low temperatures has become an extremely important 
factor in aircraft design since the start of the war, and nonrigid plastics 
for insulation and safety glass must frequently retain flexibility at tem¬ 
peratures as low as — 60°F. Since the same plastics may also be required 
to withstand the extremely high operating temperatures of the tropics, 
there was obviously a need for a truly versatile plasticizer combining the 
properties of a low brittle point with low heat losses. Esters, such as 
dibenzyl sebacate, have been found to meet these specifications fairly 
well. 

It is relatively difficult to plasticize polystyrene without impairment 
of its unique electrical properties, since most of the plasticizing materials 
available possess highly polar groupings. However, this can now be 
accomplished by the use of certain chlorinated hydrocarbons, notably 
the polychlor diphenyls which give improved heat resistance and non¬ 
inflammability -with a minimum sacrifice in electrical properties over 
wide frequency ranges. 

In peacetime applications, maintenance of good color is often of 
paramount importance in decorative materials. Stable water-white 
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esters, such as dibutyl phthalate, are usually ideal for this purpose, par¬ 
ticularly with nitrocellulose finishes. 

Generally speaking, it is not feasible to reduce the brittleness of therm¬ 
osetting resins by the addition of chemical plasticizers. The cured resins 
are usually insoluble in the plasticizer so that sweating out occurs, and 
even in cases where the cured resin is compatible, the strength of the 
resin is actually impaired. However, the softer types of resins may often 
be combined with the harder types to obtain relatively flexible products. 
This principle is used to advantage in the application of the brittle urea- 
and melamine-formaldehyde resins in protective coatings, where they 
are combined with relatively soft and highly flexible alkyd resins to 
produce finishes of extreme hardness and scratch resistance yet with 
adequate flexibility to withstand considerable flexing. 

Synthetic Resins Modified with Fillers.—We have seen that thermo¬ 
plastic resins often require modification with plasticizers for the devel¬ 
opment of certain properties. Many of the thermosetting types also 
require modification for practically all industrial applications, but, as 
previously mentioned, it is not usually possible to develop useful prop¬ 
erties by the addition of plasticizers. With this type of resin, however, 
we are able to overcome the inherent brittleness and lack of physical 
strength of the unmodified resin by incorporating various fillers while the 
resin is still in the A or B stage of condensation. 

With thermoplastic resins we have observed that properties improve 
with increasing molecular weight but that the ability to flow in the mold 
correspondingly decreases. If fillers were added to a high-molecular- 
weight polymer, the resulting compound would be far too stiff for molding, 
and therefore they are rarely used except for the development of opaque 
or translucent effects. 

The range of properties that can be developed by modification of 
thermosetting synthetic resins is extremely broad. Two classes of fillers 
are generally used, inorganic and organic, by far the majority of the 
fillers of the latter class being eellulosic materials. The following tabula¬ 
tion shows those most commonly used, together with the type of applica¬ 
tion for the molding material produced: 


Filler Application 

Wood flour. General-purpose industrial molding 

Alpha pulp. Light-colored decorative plastics, mainly 

used with ureas and melamine 

Cotton flock. Mainly with other fillers for improved 

strength 

Chopped cotton fabrics.. . . Development of impact strength 


Asbestos. Heat-resistant industrial moldings mainly 

for electrical parts 
Electrical parts 
IiOW-power-loss materials 


Silica 

Mica 
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The dimensional stability of most of the cured thermosetting resins 
is usually rather poor, and because of lack of resilience they are liable to 
crack under the stresses developed with dimensional change. Fillers 
often absorb these stresses and therefore offset the tendency to crack or 

craze. 

In many instances, the main function of the filler is reinforcement of 
the cured synthetic resin to develop adequate shock resistance. How¬ 
ever, in many cases, the properties of the plastic are those of the filler 
itself. For example, in the case of asbestos-filled aircraft ignition parts, 
advantage is taken of the heat resistance, electrical properties, and low 
water absorption of the asbestos fiber. While one of the more important 
functions of the binder is to permit the fabrication of complex shapes, it 
is, of course, essential that the synthetic resin should be chosen so as to 
involve the least sacrifice in the properties of the filler. 

In many laminating assemblies, the base is even more the essential 
part of the plastic, as, for example, in glass-cloth laminates, where the 
glass is used because of its outstanding electrical properties, noninflam¬ 
mability, and tensile strength. 

The percentage of filler varies from approximately 30 to 70 per cent 
of the weight of the finished molding material. In industrial materials 
it is usually desirable that the maximum amount of filler be used con¬ 
sistent with moldability and strength of the moldings. 

Leading Types of Fillers. 1. Wood Flour .—The popularity of wood 
flour as a filler is based largely on its extremely low cost, wide avail¬ 
ability, and low specific gravity. The last factor mentioned is important 
since the bulk of a molding material is an important factor in the cost of 
the molded part. Relatively soft woods such as fir, spruce, and poplar 
are the most commonly used. Hardwoods produce similar mechanical 
properties, but the molding compound is somewhat more dense, and the 
color of the molded parts is darker. 

Wood-filled phenolic molding materials usually have good dielectric 
strength and mechanical strength, and the molded parts have a high 
finish. 

2. Alpha Pulp .—This type of filler is used extensively with urea 
and melamine resins when it is desired to preserve to the fullest extent 
the outstanding color and color retention of the ami noplastic resins. 
Since the fibrous structure of the cellulose is largely destroyed during 
the compounding, its reinforcing effect is rather limited, and the impact 
strength of the molded parts is low. 

However, the finely dispersed cellulose gives a beautiful translucent 

effect to the moldings so that they are widely used in decorative parts 

and lighting fixtures. Because of the lack of color of the alpha pulp, it 

is possible to develop beautiful pastel shades by the incorporation of 
pigments. 
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3. Chopped Cotton Fabrics .—This type of filler is used with thermo¬ 
setting synthetic resins for the purpose of developing high impact strength. 
The molding material can be manufactured by two methods: 

1. 1 impregnation of cloth with a resin solution, drying the impregnated 
sheets, and then chopping to the desired size. 

2. Using chopped or macerated woven fabric as the starting point. 
The impact strength of the finished product depends largely on two 

factors: 


a. Nature of the base, e.g., whether light cotton or heavy canvas 

b. Particle size of the finished product 

Since large filler particles obstruct flow in the mold, the difficulty of 
molding impact materials increases with the degree of coarseness of the 
fabric or the particle size of the molding compound, and therefore the 
degree of impact obtainable is largely limited by moldability. 

1. Cotton Flock .—If used as the sole filler, cotton flock is liable to 
produce an extremely stiff molding material and therefore is not widely 
used alone. However, it is frequently used with certain mineral fillers 

to improve mechanical strength. 

5. Mineral Fillers— This type of filler, e.g., asbestos, mica, or cer¬ 
tain forms of silica, is used in many industrial plastics based on thermo¬ 
setting resins, ureas, and melamine resins, where emphasis is to be placed 
o n heat resistance, water resistance, or electrical properties. A typical 
application where mineral filler is essential is in the molding of aircraft 
ignition parts, where dielectric strength must be maintained over a wide 
range of operating temperatures and varying degrees of humidity. For 
high-altitude operation, resistance to tracking under arcing conditions 
is nil extremely important requirement which can be met by the use of 

mineral filled melamine-lormaldehvde lesins. 

Uv the use of chopped asbestos cloth, it is possible to formulate high- 

impart heat-resistant. materials. 

One outstanding use of mica is in low-loss-tact or materials. 


THE RESINS AS ADHESIVES OR IMPREGNANTS FOR LAMINATES 

Thus far we have seen how synthetic resins can be used alone or 
modified with plasticizers or Idlers to develop properties useful largely 
in molded plastics. In most industrial molded parts, plastics are second- 
■uv materials of construction, being used largely for purposes such as 
insulation, protection, etc. Where, as in certain applications with the 
impact grades the plastic itself is the material of construction, the size 
„f the molded part is limited by the cost of the equipment, and the 
strength that can be built into the molding is limited by the difficulty 

m molding high-impact materials. 
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These limitations have been largely overcome in recent years by the 
development of fabric and paper-base laminates and resin-bonded ply¬ 
wood. One important factor contributing to the use of laminates as 
structural materials is the development of resins capable ot bonding 
the fabric or paper base at extremely low pressures so that the use of 

costly pressing equipment is no longer essential. 

The following materials are widely used as the base for laminated 

assemblies: 

Light cotton duck 
Heavy canvas 
Various grades of paper 
Glass cloth 
Rayon cloth 

Phenolic resins are more widely used than any other type in lami¬ 
nating, but certain thermoplastics are used for the development of 
special properties such as low electric loss at high frequencies. Melamine 
resins are used for the development of arc resistance. 

The use of laminated assemblies for decorative applications assumed 
great importance in the days before Pearl Harbor and will undoubtedly 
become one of the most important applications of plastics. In this 
field the properties of melamine resins for color retention and surface 
hardness (scratch resistance) surpass all others. Frequently, it is suffi¬ 
cient to restrict the use of the relatively expensive melamine resin to the 
surface sheet, using a core laminated with less costly resins such as 
phenolics or even Vinsol resin. 

The new type of cross-linked polyester resins can be used to prepare 
laminated assemblies at contact pressure. No presses are required, and 
therefore large assemblies of complex shapes can be built up with a 
minimum of cost for equipment. 

In certain assemblies, particularly those based on glass cloth, the 
structural properties when calculated on a weight basis compare favor¬ 
ably with those of light metals, and therefore their use in semistructural 
parts for aircraft becomes quite feasible. 

Resin-bonded Plywood.—The phenomenal record of success of the 
famous British Mosquito airplane speaks for the properties of resin- 
bonded plywood. Although it is highly probable that the use of ply¬ 
wood in this application was initiated largely by the shortage of light 
metals, the successful operation of aircraft in which the structural mem¬ 
bers are plywood, is convincing evidence to the designing engineer of 
the ability of this type of plastic to withstand extremely high stresses 
under widely varying conditions of temperature and humidity. When 
one considers the potential beauty of plywood veneers and the relatively 
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low cost of wood, together AA'ith the remarkable strength of the plywood 
assemblies, it is obvious that this field will be one of the most important 
in the coming era of plastics. 

Plywood is a plastic in Avhich the properties are those of the filler 
rather than those of the resin. The requisites for a resin to be used in 
this application are bonding strength, heat resistance, water resistance, 
and durability. 

The methods of fabrication and properties of both resin-laminated 
assemblies and resin-bonded plyAA'ood are described in detail in Chap. 

XVII. 


RESINS AS PROTECTIVE COATINGS 

Application in protective coatings is the last of the major methods 
to be discussed for developing useful properties from synthetic resins. 
Although not usually regarded as plastics, use of surface coatings based 
on synthetic resins has progressed together Avith the development of neAV 
types of plastics, and the two industries are related in many respects. 

The need for finishes adaptable to modern high-speed production 
methods became extremely urgent as soon as automobiles reached the 
mass-production stage and synthetic resin finishes have kept pace Avith 
this industry in a most fascinating manner. Not only has the paint, 
lacquer, and varnish industry succeeded in developing high-speed finish¬ 
ing systems, but through the use of synthetic resins, it has been able to 
improve the beauty, scratch resistance, and durability of the finish itself. 
The development of these finishes has passed through three stages during 
the past eighteen years, viz., alkyd resin modified nitrocotton finishes * 
baked alkyd type synthetic resin finishes —> baked finishes modified AA'ith 
aminoplastic resins. The final stage arri\ r ed at a pinnacle AA'ith the 
development of alkyd resin vehicles, modified AA'ith melamine-formalde¬ 
hyde resins. The coatings harden in a matter of minutes at temperatures 
ranging around 125°C., and the finishes obtained aie extiaoidinaiily 
hard and scratch resistant but comparatively flexible. They are out¬ 
standing for durability and gloss retention. The subject of surface 
coatings Avill be discussed further in Chap. XII entitled Polyesters and 

Polyamides. 



CHAPTER III 

forming and fabrication of plastic articles 

By Henry M. Richardson 

Consulting Engineer , DeBell <Sc Richardson , Springfield , Mass. 

Plastics by definition are those materials which at some point in their 
manufacture are fluid, flowable, or capable of being formed or molded 
to shape. Usually the forming or molding process takes place over a 
finite period of time during which a cycle of pressure and temperature 
acts upon the material. The conditions of time, temperature, and pres¬ 
sure vary widely, depending on the class of synthetic resin involved; 
the form in which it is used; the fillers, plasticizers, solvents, or modifiers 
used with it; the method of fabrication to be used; and the results desired. 
It is the purpose of this chapter to give a general summary of the basic 
principles and methods of forming and fabrication of articles that depend 
for their form and properties on the use of synthetic resins as a component. 

INITIAL CONDITIONS AND PROCESSES 

The condition of the synthetic resin at the time of molding or forming 
is generally the ruling factor that determines the method used. Let us 
consider these various conditions. 

1. The resin is a liquid at room temperature and, under the influence 
of increased temperature and/or catalysis, is polymerized or condensed 
to a solid. 

2. The resin is a solid at room temperature but upon heating to an 
elevated temperature softens so it can be formed to the desired shape. 
It is then cooled, fixing the shape. 

3. The resin is a solid at room temperature but upon heating to an 
elevated temperature softens so it can be formed to the desired shape, 
and then by polymerization, vulcanization, or condensation it solidifies 
and is no longer softenable at its previous fusion temperature. 

4. The resin is a solid that has been softened by the action of a sol¬ 
vent. It is formed to the desired shape and allowed to solidify by evap¬ 
oration of the solvent. 

5. The resin is a liquid or a solid at room temperature, carried in 
suspension or solution while being formed as a film or coating. Any 
volatile component is allowed to evaporate. The film is then allowed to 

39 
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set by drying, by fusion and cooling, or by chemical action, such as oxida¬ 
tion or polymerization. 

RANGE OF PROCESS CONDITIONS 

The elements of time, temperature, and pressure are involved in all 
these forming processes. Let us consider the range over which these 
vary and what relations exist among them. 

Pressure.—The pressure exerted on a plastic or synthetic resin com¬ 
bination during its forming process must be sufficient to cause (1) proper 
forming, (2) suitable density, (3) desired speed of flow, and (4) suppres¬ 
sion of a gaseous or vapor phase in the article (unless this is desired). 
The range of pressures to accomplish the desired results is from no added 
pressure as in the case of simple resin castings or surface coatings to 
pressures exceeding 40,000 p.s.i. in some types of high-speed molding. 

The amount of pressure actually needed to form a plastic or synthetic 
resin to shape while it is in its plastic or fluid state is very moderate. It 
ranges from zero added pressure to about 1,000 p.s.i. Pressures above 
this are for the purpose of speeding the forming or flowing part of the 
cycle where for some reason it is desirable to use an extremely stiff or 
viscous plastic, or where the speed of flowing and forming must be kept 
ahead of the speed of curing or solidification. For any given type of 
resin combination and process of forming, the higher the pressure, the 
faster is the cycle of production. It follows, of course, that the higher 
the pressure in any given process, the heavier and more costly is the 
equipment to produce it. 

Temperature.—It is also true that the time of a cycle of forming or 
molding is dependent not only upon pressure, but also on the temperature 
of the material and of the mold. These temperatures range from ordi¬ 
nary room temperature 70°F. up to as high as 1100°F. The higher the 
temperature of the mold or heating surface in contact with the plastic, 
the faster will be the rate of heat flow into it. The actual temperatures 
at which these resins and plastics flow and cure is 70 to 500°F. Any tem¬ 
perature above this range is purely for the establishment of a higher 
rate of heat flow, because most of the organic plastics begin to decompose 

at or below 500°F. 

In general, higher temperatures are associated with faster cycles. 
Also, higher temperatures are sometimes accompanied by higher pres¬ 
sures, not for the purpose of increasing the speed of flowing or forming, 
but for providing suitable density by suppressing the gaseous or vapor 
phase in the material during the process. Higher temperatures increase 
the plasticity or flowability of the plastic, but they also increase the 
speed of the chemical reactions involved in the curing, cross-linking, or 
vulcanizing processes. I he pressure may therefore need to be increased 
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with increased temperatures to cause the flow and forming to be complete 
before the curing has proceeded too far. 

METHODS OF FORMING 

The general methods of forming are simple in their elements and are 
built around the conditions of time, temperature, and pressure that are 
appropriate to the class and type of resin involved, the fillers and modi¬ 
fiers used, and the size and quantity of product to be formed. There 
are about a dozen of these methods. Let us look at them, one by one, 
and become acquainted with their elements and uses. 

1. Casting .—The resin with or without filler or modifier is poured as 
a liquid into an open mold and allowed to stand for a period of time, 
usually at a temperature of 70 to 200°F., while a chemical reaction of 
polymerization or condensation takes place causing the resin to harden. 
During hardening, some shrinkage takes place. Therefore the condi¬ 
tions of time and temperature must be controlled to prevent undue 
strains from being set up by a nonuniform rate of solidification through 
the piece. Also, the temperature must be low enough so that the vapor 
pressure of the volatile components or by-products of the reaction will 
not cause voids or bubbles to be formed. This means that a relatively 
low temperature and long time are involved. The time for such a process 
ranges from an hour to a week, depending on the material, the size, and 
the product. Resins from classes 1, 4, and 5 can be formed in this 
manner. 

2. Extrusion is the process of rendering a material plastic and then 

forcing it through a die and producing tubular or solid articles having 

cross sections the shape of the die opening, but indefinite in length. 

The thermoplastic resins of Classes 1, 2, and 3 are extruded in large 

quantity. The problems of extrusion are largely those of controlling 

the shape and size of the cross section after it has left the die and while 

it is cooling and solidifying. A high degree of ingenuity in the devising 

of forms, supports, air jets, conveyors, rollers, stretchers, cooling devices, 

etc., finds expression in this field. The process is generally continuous' 

and the plastication of the compound and its extrusion are commonly 

done by means of a screw rotating in a cylinder that is fitted with a 

constricting die at one end. Cold or preheated compound is introduced 

through the side of the cylinder at the end opposite the die. The screw 

advances the compound toward the die. Heat, applied to the screw 

and the cylinder, causes the compound to soften. The action of the 

screw causes mastication and mixing of the compound as well as forward 

motion. The constriction at the die causes pressure to be built up and 
voids to be eliminated. 

Thermosetting compounds of Class 4 are extruded by similar means, 
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although in this case the die must be long enough to allow the cure to 
take place in the compound as it passes through. This has been done 
for the past several years abroad, but has not been widely adopted in the 
United States, although some interest has been renewed in it recently. 

3. Blowing .—The thermoplastics of Classes 1 and 3 are often formed 
by blowing. The art is an outgrowth of similar processes in the glass 
industry. Here the plastic is heated to a temperature (250 to 300°F.) 
that makes its viscosity or plasticity suitable for this method of forming. 
First a slug of plastic is extruded and fitted to an orifice through which 
air can be forced into it causing it to expand. The material is then 
enclosed in a mold that forms and limits the size and shape as the hollow 
plastic is expanded to fit it. Another form of blowing process is to clamp 
two sheets of plastic between the two halves of a mold and then introduce 
air or steam between the two sheets, causing them to stretch, flow, and 
expand to fill the contours of the mold. After cooling, the blown pieces 
can be removed from the mold. In either case, the blowing pressure is 
low, ranging from a few ounces per square inch to 100 p.s.i. 

4. Injection Molding .—Most of the molded parts made of the thermo¬ 
plastic compounds based on resins of Classes 1, 2, and 3 are injection 
molded. In this process, the compound is made plastic in a heating 
chamber through which it is forced and introduced into a closed mold 
that is kept at a temperature below the melting point of the compound. 
Pressure applied to the compound in the heating cylinder is transmitted 
to the mold after it has been filled. The clamping pressure holding the 
mold dosed must be sufficient to prevent the internal pressure transmitted 
through the plastic compound from opening it. Pressure is held until 
the compound has solidified. I hen the mold is opened and the pieces 


are removed. 

5. Compression molding is the process of forming which involves 
placing the charge of compound into an open mold and then causing 
it to flow and fill the mold as the component parts of the mold are closed, 
forcing any excess compound out at the parting line of the mold. This 
process is most commonly used with compounds based on resins of 
('lasses I and 6. With these compounds, the mold is heated to a tempera¬ 
ture that will cause the compound first to fuse, so it will flow undei the 
closing pressure applied by the mold, and then to cure or vulcanize, so 
it is no longer softenable at the mold temperature. Pressures range from 
500 to 5,000 p.s.i., temperatures from 290 to 400°F., and time from 1 
min. to 1 hr. Thermoplastic compounds of Classes 1 and 3 are often 
molded by this process, but in this case the mold goes through a heating 
and cooling cycle that first causes the compound to be heated above its 
fusion temperature, allowing it to flow and fill the mold, and then to be 
cooled until it is solidified before opening the mold. A variation of this 
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is first to heat the compound outside of the mold until it is thoroughly 
plastic, then place it in the mold, closing the mold and cooling the formed 
plastic until it is solid. The cycle of temperature change in the mold is 
adjusted to allow proper flow and rapid cooling. Pressures range from 
500 to 1,500 p.s.i., temperatures from 350 to 100°F., and times from 

^2 min. to 1 hr. 

6. Transfer molding is similar to injection molding in that the mold 
is closed and the plastic is forced into it from an auxiliary chamber 
through passages (sprues and runners) leading from the transfer cham¬ 
ber into the mold. This method is commonly used with thermosetting 
or vulcanizable compounds based on the resins of Classes 4 and 6. The 
compound is placed in the transfer chamber with or without preheating. 
The chamber is heated above the flow point of the compound, so that 
heat is added to it, allowing it to flow when a plunger is forced into the 
chamber with sufficient pressure (1,000 to 20,000 p.s.i.) to force it 
through the passages into the mold. The mold is maintained at a tem¬ 
perature that will cause the compound to cure or vulcanize, and as the 
compound is forced from the transfer chamber into the mold, it is heated 
to this temperature so that it will set rapidly and uniformly. The time 
of transfer depends on the degree of preheating of the compound, the 
pressure on the transfer plunger, the temperature of the transfer cham¬ 
ber, and the amount of restriction of the transfer passages. Transfer 
time ranges from a few seconds up to as much as 2 min., and cure time 
from 10 sec. to 15 min., depending on the type of compound and the type 
and effectiveness of the preheat. Mold temperatures range from 290 to 
450°F. 

7. Calendering is the process of spreading plasticated compound into 
thin sheets and transferring it to a carrying web. Rolls in groups of 
two or more are caused to rotate, usually at a uniform surface speed, 
and plastic material is fed between them, to be squeezed down to the 
thickness of the spacing between the rolls. The sheet, so formed, is 
then stripped off and allowed to cool; often it is carried by a sheet or 
web that will allow it to be rolled up, and later to be unrolled and 
stripped off the carrying web. In some cases the carrying web passes 
through the rolls with the compound intimately bonding them together, 
so the web comes out with a uniform coating of the compound on it. 
Temperatures are only sufficient to cause the plastic to be workable on 
the rolls. Compounds based on resins of Classes 1, 3, and 4 are applied 
in this manner. In the case of the rubberlike compounds in Class 6, 
the vulcanization is done in subsequent processing. They act only as 
thermoplastics on the calender. 

8. Solution casting is a method used in forming films, up to about 
0.010 in. thick, of resins or compounds from Classes 1 and 3. As the 
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name implies, the resin and its plasticizers and modifiers are put into 
solution and the solution flowed through a suitable feed hopper that 
distributes the solution uniformly on the surface of a moving belt or 
drum. The liquid film, so formed, is heated and the solvent evaporated 
at a rate that leaves a smooth, solid film of the resin on the carrying 
surface, from which it may be stripped and rolled up on reels. It may 
be desired to cast the film on the surface of a web on which it will remain 
as a permanent coating. Closely allied to this method is the casting 
of Class 1 or 3 resins as yarn filaments by extruding the solution through 
fine spinneret orifices and allowing the solvent to evaporate, leaving the 
solid filaments that are later twisted together into yarn. Small vials 
or containers are sometimes cast from solution by coating the inside of 
molds with the resin solution, then evaporating the solvent and leaving 
the film coating, which may be removed by opening the mold. 

9. Dispersion casting is like solution casting, in that the resin is car¬ 
ried in a liquid medium, for the purpose of spreading it into a thin, 
uniform film. The dispersion system differs, in that it involves a two- 
phase system. The liquid or carrier is the continuous phase and the 
resin (Class 1, 3, or 6) the disperse phase. Usually the liquid continuous 
phase is water or some other liquid in which the disperse phase is not 
soluble. The disperse phase consists of the resin, alone or in combination 
with plasticizer, solvent, pigment, etc. The casting process is similar to 
solution casting in that the suspension is flowed out and the volatile 
component evaporated. The disperse phase is then consolidated and 
raised to a temperature causing it to fuse and flow out into a smooth, 
continuous film. It is then cooled below the fusion temperature and 


allowed to solidify before stripping and reeling. 

10. Coating or varnishing likewise consists of placing a coating in 

liquid form on the surface of a moving web of paper, fabric, or film. 
The resins are of the hardening type from Classes 4 and 5. .They are 
spread as resin-forming liquids or solutions on the carrying web, and 
any solvent is evaporated. Subsequently, the web passes through an 
oven which establishes a cycle of time and temperature that brings about 
the polymerization or oxidation that results in an infusible insoluble 
film being formed. Temperatures of baking range from 200 to 400°F., 

and times range from 10 min. to 2 hr. 

11 I lot-melt Coating .—Certain compounds melt down with sufficient 

fluidity that they can be spread as a coating on a moving drum or web 

and will solidify on cooling to a continuous film. Compounds of this 

type are usually waxes or asphalts that may or may not be modified by 
compounding with resins from Class 3 (ethyl cellulose) or Class 6 (butyl 
rubber) to add toughness and flexibility to the film. Hot-melt com- 
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pounds are sometimes used for coating on irregular objects by merely 
dipping them in the melt and withdrawing and allowing the coating to 

solidify on cooling. 

12. Laminating and gluing are terms applied to processes of assembling 
sheets or pieces of the filler material which have been coated or impreg¬ 
nated with the synthetic resin that serves as an adhesive to bond the 
sheets or component pieces together into a unitary structure. Resins 
from Classes 1, 3, 4, 5, and 6 can be used for this purpose Laminated 
sheets are made by coating or impregnating cloth, paper, wood veneer, 
glass, film, or foil with a suitably chosen and compounded resin and then 
bringing the individual sheets forming the laminate into a stack or 
assembly under pressure sufficient to hold them together and for a time 
and temperature cycle that will cause the resin to solidify and bond the 
assembly together. All five of the basic conditions of resin processing 
mentioned in the first part of this chapter are used, each with its appro¬ 
priate resin. Pressure may be applied by clamping the assembly together 
in a hydraulic press, or by any other means that is appropriate to the 
product being made. Heat may be applied by any suitable method. 
The pressures range from a few ounces per square inch to 2,000 p.s.i., 
the temperature from 150 to 400°F., and the time from a few seconds to 
several hours. 

13. Forming is the process of rendering a standard shape, such as 
sheet, tube, or rod, sufficiently plastic that it may be bent, pressed, or 
stretched to the shape required and then held in this shape until it has 
been solidified. The material is rendered sufficiently plastic by heating 
it to the range where it becomes pliable; in the case of some plastics, 
they are exposed to certain solvents or softeners that can later be removed 
by evaporation. 

14. Cold-drawing .—Certain plastics of Classes 1 and 2 caji be changed 
in their characteristics by stretching or drawing them after they have 
solidified. This process causes the long-chain molecules to become ori¬ 
ented in the direction of drawing. The result is an increase in the strength 
and flexibility of the resulting sheet or filament. 

15. Machining .—Standard shapes of plastic compounds—sheet, tube, 

and rod—can be machined into the desired form by the usual processes 

common to the cutting of wood and metals but with modification of the 

cutting tools and methods necessitated by the plastic or elastic nature of 
the resionous compounds. 

All the above processes will be treated in detail as we study, in 
subsequent chapters, the various plastics that comprise the industry. 
We have listed and briefly described the fundamental principles involved 
in order that the reader may have a preview of the range of processes 
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available for the forming and fabrication of articles based on the use of 
synthetic resins. 
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CHAPTER IV 

PROPERTIES AND APPLICATION OF PLASTICS 


By Henry M. Richardson 

Consulting Engineer , DeBell & Richardson , Springfield , Mass. 

The series of materials based on synthetic resins comprises many 
different specific compounds or composites, each with its own combina¬ 
tion of physical-chemical, mechanical, and electrical properties. Further¬ 
more, as we have seen from the preceeding chapters, the compounders 
and fabricators of plastics have a broad range of choice in the selection 
of the ingredients of the combination and the method of fabrication. 
This results in a corresponding range of the specific combinations of 
properties that are possible and that may be prescribed. 

Subsequent chapters will deal with the specific members of the plastics 
family, so it will be the purpose of this chapter to plot the boundaries 
of the area of applications served by plastics and to show what proper¬ 
ties or range and combinations of properties they have in common and 
how these compare with other, perhaps older, materials in common use. 

As a rule, with no important exceptions, all articles that are now made 

of plastics or of combinations involving synthetic resins were, could be, 

or might have been made of other materials or combinations of materials 

such as metal, wood, stone, glass, clay products, leather, textiles, rubber, 

or natural gums and oils. The reason plastics are used is to provide some 
advantage such as 

1. Lower cost of the finished article 

2. Saving in weight 

3. Simplification 

4. More attractive color or form 

5. Greater durability 

6. Better performance 

7. More pleasing touch sensation from surface texture or “low-heat 

conductivity ” 

8. Lower maintenance cost 

9. Mass production of complex shapes 

10. Greater safety 

flT* pAm U * i* in every article made of a plastic some other material 
combination of materials has been replaced. This must be done on a 
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competitive basis, not only to attract a larger portion of the poten¬ 
tially available business or a better profit in the manufacture and sale 
of a specific article, but also to attract a larger portion of the consumer’s 

dollar. 


GROUP CHARACTERISTICS 


As a group, the plastics have certain common characteristics and 
deficiencies that tend to define their proper fields of application as com¬ 
pared with other materials. It is not the single characteristic in any one 
property that defines its use, but the specific combination of properties 
found in a specific material. Each different material in the family of 
plastics has its own combination of properties, which accounts for the 
large number of different materials available. Let us examine some of 

the common properties. 

1. Lightness.—The synthetic resins are lighter than the inorganic 
structural materials. They range in specific gravity from slightly less 
than 1.0 for polyethylene to about 1.6 for polyvinylidene chloride and 
cellulose nitrate, with most of the common resins midway in the range. 
The plastics with organic fillers or modifiers fall in the same range. 
Those which combine with air as foams or with uncompressed wood may 
be lighter than this range, and those with inorganic fillers in major por- 

tion are heavier. 

2. Resilience.—Compared with the common inorganic structural 
materials, metals, stone, glass, and porcelain, the synthetic resins and 
plastics are flexible and resilient. The modulus of elasticity of all syn¬ 
thetic resins lies below 10 c p.s.i. per inch deflection, downward to small 
values approaching zero. This compares with steel at 30 X 10 6 ; cast 
iron 15 X 10 6 ; aluminum, 10 X 10 6 . Of course, synthetic resins are 
used in combination with wood or glass fibers to produce composite 
structures of greater rigidity, but this is a result of the higher modulus 
of elasticity of the other component material. The average elastic 
modulus of such composite material may be raised up as high as 3 or 


4 X 10 6 

Generally, the deflection is accompanied by internal friction which 
tends to suppress or dampen vibration in plastic structures. This effect 
is much more marked than is the usual case with metals, stone, or ceramics 
—or even wood. There are two or three notable exceptions to this rule 
such as polystyrene or the formaldehyde condensation products o urea 

or melamine. . , 

3. Versatility of Form. 

liquids to hard solids, so also is the range of form in which they find 
their final application broad and diversified. Some of the foims ai 

follows: 
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1. Cast or molded forms, filled or unfilled 

2. Blown hollow shapes 

3. Standard sheets, tubes, and rods cast or extruded; to be machined 
to final form 

4. Cast or extruded profiles for trim, edging, etc. 

5. Extruded and drawn filaments used in cordage or as woven mats 
or textile fabrics 

6. As an impregnant and bonding agent in the construction of lami¬ 
nated sheets, tubes, rods; molded laminated forms or assemblies 

7. As an adhesive for cementing the same or other materials together 
in the form of assemblies 

8. As a surface coating or film either unsupported or carried on 
another material 

9. As a sizing in the manufacture of crease-resistant fabrics, wet- 
strength paper, etc. 

4. Range and Brilliance of Color.—Much of the glamor and public 
acclaim of plastics have been the result of their use in many and brilliant 
colors for the manufacture of personal and household articles. Some 
of the synthetic resins are, in their purified form, either water-white or 
very pale amber in color. These lend themselves to coloring by means 
of dyes and pigments over a wide range. This is often enhanced by the 
high degree of clarity and high index of refraction of such members of 
the group as polymethyl methacrylate and polystyrene. Others that 
have been largely responsible for color in consumed goods are cellulose 
esters, urea-formaldehyde, and cast phenolics. 

5. Resistance to Corrosion.—Compared with many of the common 
metals, plastics and synthetic resins are resistant to corrosion by water, 
air, salts, weak acids, and weak alkalies. In fact, the best organic pro¬ 
tective coatings for metals are compounded from synthetic resins. 

6. Selective Resistance to Solvents.—Since the synthetic resins com¬ 
prise such a diversity of chemical structures involving polar, nonpolar, 

. ^ amino, and amido groups, and 

since solvents likewise comprise similar groups in their structures, there 

is to be expected a wide range of the solubility or insolubility relation 
between the resins and the solvents. Extremes are the hydrocarbon 
resins, polystyrene, polyethylene, and polyisobutylene, which are 
unaffected by water but soluble in hydrocarbon or chlorinated hydro¬ 
carbon solvents, and polyvinyl alcohol, which is insoluble in hydrocarbons 
or chlorinated solvents and is soluble in water. All the linear thermo¬ 
plastic resins are soluble in certain solvents and insoluble in others, 
excepting the polyamides for which there are few solvents. The thermo¬ 
set plastics are insoluble except in substances that cause their decomposi¬ 
tion. They are, however, swelled by certain “solvents” which, if it 
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were not for the cross linking in the thermoset structure, might otherwise 
dissolve them. The amount of swelling, other things being equal, varies 
more or less inversely with the amount of cross linking in the cured 
molecular structure of the resin. 

7. Low Heat Conductivity and Heat Capacity.—Many plastics owe 
their use and application to their low heat conductivity and low heat 
capacity (specific heat). It is this combined property that makes 
plastics “warm to the 1 011011 “ which is considered desirable in applica¬ 
tions where the plastic is likely to come in contact with the human skin. 
In like manner, this characteristic is desirable in handles attached to 
hot objects, because for a given initial elevated temperature the plastic 
will heat the skin less than if the handle were made of a metal or of any 
material with higher heat conductivity and heat capacity. 

This property is likewise useful in the design of articles that require 
a member of low heat conductivity as part of the structure as, for example, 
the breaker strips on refrigerator cabinets that connect the inner and 
outer shells. 


8. Electrical Insulation.—All the synthetic resins are electrical insula- 
tors in varying degree. Likewise, depending on their chemical structure, 
are dielectrics with a dielectric constant ranging from 2 to 8 and with 
a power factor ranging from about 0.0002 upward. It is this electrical 
insulating property added to the other properties that accounts for the 
wide use of synthetic resins and their plastics in the electrical industry 
—one of the largest consumers of plastics. Many remarkable simplifica¬ 
tions and improvements of electrical apparatus and devices have been 
made possible by the intelligent choice and design of plastic components 
that combine insulating and structural properties. 

9. Sensitivity to Temperature.—By reason of their organic chemical 
structure, synthetic resins are subject to the changes of properties with 
temperature that are inherent in those structures. The elasticity and 
plasticity of the thermoplastics in general limits their use to ranges of 
temperature within the limits of plus 220°F. and minus 40°F. Most of 
these are useful in a much narrower range, particularly if appreciable 
stress and impact must be resisted. The thermoset plastics are useful 
over a range from minus 60 F. to plus 300°F., but begin to decompose 
(selectively) in the range 170 to 450°F. In all cases the tensile strength, 
rigidity, and dimensional stability of the synthetic resins increase as 
the temperature is decreased. The impact strength increases with 
increase in temperature. 

10. Creep or cold flow is often a limitation on the application of some 
synthetic resins and plastics. It is the property of relaxation of strain 
in a stressed member, resulting in a permanent deformation. Generally 
it occurs over a period of time, during which flow takes place. It is 
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more apparent in the thermoplastics, although it also can take place in 
thermoset resins, but decreases as the degree of cross linking increases. 
Likewise it occurs more readily at the higher temperature in the usual 
working range of the plastic. 

11. Deterioration on Exposure to Weathering. —In common with 
all organic materials, the synthetic resins are subject to deterioration 
upon prolonged exposure to outdoor weathering. Probably the sun's 
radiation causes the greatest portion of such deterioration followed by 
cyclic wetting and drying. Also, among the synthetic resins, there is a 
wide variation in the rate of deterioration. For this reason, many 
plastics are not recommended for outdoor use, although certain plastics 
withstand weathering quite well. The effect of weathering takes the 
form of color change or darkening in some resins and crazing, cracking, 
and chalking in others, or combinations of these. 

12. Fatigue. —It is characteristic of all materials that a smaller stress 
than would cause failure on a single application may cause failure if it is 
repeated many times. The synthetic resins and their plastics are no 
exception. In general, the stress that will eventually cause failure in, 
say more than a million repeated applications, is about 25 per cent of the 
failure stress on single application. The variation from this general 
figure may be quite broad, depending on the criterion by which failure 
is judged, particularly in composite structures where the distribution 
and type of stress is indeterminate. 
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THERMOSETTING RESINOUS CONDENSATION PRODUCTS 


By 11. A. Barkhuff, Jr., R. D. Dunlop, H. W. Mohrman 

Research Department, Monsanto Chemical Company, Plastics Division, Springfield, 

Mass. 

The thermosetting condensation resins are normally subdivided into 
the phenoplasts and the aminoplasts. These are generic terms for the 
condensation products of phenolic bodies and amine bodies, respectively 
with aldehydes, usuallv formaldehyde. 

V / V V 

The general phenol-formaldehyde type of condensation was known 
prior to 1850. It remained for von Baeyer to observe the general char¬ 
acter of the reaction in 1872. It was not, however, until the last decade 
of the nineteenth century that formaldehyde became economically avail¬ 
able and the commercial exploitation of the phenoplasts was undertaken. 
Baekeland first succeeded in 1909 in making the phenoplasts commercially 
feasible. 11 is success was based on the introduction of two processing 
techniques: (1) the incorporation of fillers to increase the strength of the 
finished article and to reduce the cost, and (2) the use of a counterpressure 
as well as heat in the forming operation. This counterpressure overcomes 
the vapor pressure formed as the water splits out during the condensation 
reaction and permits the formation of bubble-free technically useful 

phenoplasts. 

The basic condensation reaction of amines and aldehydes was like¬ 
wise known for years before it was used in synthetic-resin chemistry. 
The first patent covering t he production of urea-formaldehyde resins was 
issued to John 1 in 1920, with the first commercial production beginning 
in the United States in 1928. The commercial production of melamine 
resins, the newest member of this?group, was begun in 1940. 

The thermosetting resinous condensation products have and are 
experiencing a phenomenal growth. A large proportion of this growth 
has taken place in the last decade. During 1943, the War Production 
Hoard allocated the use of 143 million pounds of phenoplasts and 61 

million pounds of aminoplasts.- Included with the aminoplasts aie 

7 million pounds of melamine resins which were produced in 1943. 3 This 

represents a 12 per cent increase in phenolic production and a 43 per cent 

increase in urea production 2 over 1942. Melamine production has just 

reached the point of commercial significance in the industry. 
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Although this group of resins is still experiencing a rapid growth, 
they have assumed a position of prime importance in the tools of the 
civilized world. In their absence, the distribution and the appliance of 
electricity, as well as modern transportation, communications, and 
building, would either require extensive redesigning or would become 
inoperative. A partial list of the applications in the automobile, for 
example, shows that these resins are used in the electrical-distributor 
system, lamp connections, horns, meter parts, some steering wheels, 
brake linings, and the exterior finishes. In addition to the numerous 
functional applications, thermosetting resins are utilized to enhance the 
eye appeal of many products. 


CHEMISTRY 


The chemistry of the thermosetting resinous condensation products 
is exceedingly complex. This, together with the fact that the intermedi¬ 
ate products are very reactive, tending to resinify readily, and that the 
final products are neither soluble nor fusible, has tended to discourage 
theoretical work on these reactions. Meanwhile, industry has been able 
to modify and adapt these resins to useful purposes without a complete 
understanding of the reactions involved. As a result, despite their 
technological importance, relatively little has been known about the 
chemistry of either the phenoplasts or the aminoplasts. During the 
past few years, some noteworthy progress in this direction has been made. 

Basically, both the aminoplasts and the phenoplasts are formed by 
the successive addition of an aldehyde to a reactive body to form a 
methylol derivative, which in turn condenses with a second reactive body 
with the simultaneous splitting out of water. Thus, in the case of the 
phenoplasts, a simplified scheme for the reaction might be written 
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This diphenyl methane derivative still has four potentially reactive posi¬ 
tions (the unoccupied positions ortho and para to the hydroxyl group on 
each phenolic nucleus marked with asterisks in (1) that can again undergo 
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addition of an aldehyde and subsequent condensation. An analogous 
series of reactions takes place in the aminoplasts in which the aldehyde 
adds to the nitrogen of the amino group rather than to ortho and para 
positions of the benzene nucleus. The general reaction may be shown 
as follows: 
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The above is, however, an overly simplified representation of these con¬ 
densation resins which will be considered in more detail below. It will 
be noted that the mechanism of resin formation in these pheno- and 
aminoplasts is unique in the resin field and differs markedly from the 
addition polymerization reaction by which the majority of the synthetic 
plastics are formed. 

The Phenoplasts.—The condensation of phenol with formaldehyde is 
slow in the absence of catalysts, which are always used in production. 
Both acidic and basic materials may be used, but the nature of the inter¬ 
mediate resins is quite different, depending upon the choice of catalyst. 
This leads to two classes of phenoplasts. When an alkaline catalyst is 
employed, the initial reaction products are phenol alcohols, which are 
referred to as resols. These materials are soluble and fusible, but upon 
the application of heat, the condensation advances with a resulting 
increase in the molecular weight to form rcsites which are completely 
cured and, as such, arc both insoluble and infusible. When an acidic 
catalyst is used, the principal reaction products are diphenyl methane 
derivatives. When a slight deficiency of formaldehyde is used, these 
materials, referred to as n oral tics, are soluble and fusible and normally 
remain that wav upon the application of heat. W hen a material capable 
of supplying additional formaldehyde is added and heat is applied, resites 
are also formed. Since the nature of the catalyst causes marked differ¬ 
ences in the mechanism of the reaction, these two classes of phenoplasts 
will l>e considered separately. 

Resols.—The resols. as has been pointed out, are produced when an 
alkaline catalyst is employed. Virtually any basic substance may be 
used. One group, referred to as fixed catalysts, includes the oxides, 
hydroxides, and carbonates of the alkaline or alkaline-earth metals. A 
second group comprises the amine bases and ammonia. Very little is 
known about the specific action of either type of catalysts, but especially 
in the case of the amine bases, there is evidence to indicate that the prod 
nets of the reaction are not always identical. 
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The actual mechanism by which formaldehyde is added to the phenolic 
nucleus is a matter for conjecture. Some authors 4-6 favor the formation 
of a hemiacetal or, in the case of formaldehyde, a hemiformal under the 
alkaline catalyst (3). This acetal then undergoes a rearrangement to 
give the ortho- and para-methvlol compounds. 
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In the case of the fixed catalysts, the formation of the methylol com¬ 
pound can also be explained on the basis of the electronic nature of 
the phenol molecule. 7 The initial step would involve the neutralization 
of the phenol in the formation of an alkaline phenolate, which in turn 
highly activates the benzenoid ring in the ortho and para positions. In 
terms of the electronic configuration, these points can be considered as 
regions of high electron density to which the hydrogen atoms are loosely 
bound, and thus they readily undergo an aldol type condensation with 
the aldehyde to form a phenol alcohol. A typical reaction of this tvne 


may be shown as follows: 
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No proof of this mechanism is known, but it does seem to be a plausible 
explanation. Ortho-hydroxybenzyl alcohol is the chief product of this 
reaction along with the paraisomerA>« Actually, there is no reason to 
believe that the addition stops after the formation of this monomethylol 
derivative. Di- and trimethylol compounds must exist, since it is 
possible to condense up to 3 moles of formaldehyde per mole of phenol. 
Actually, this is true even in the presence of an excess of phenol. K. 
Meyer 11 was able to establish the existence of dialcohols in resinous mix¬ 
tures by the methylation of the phenolic hydroxyl group followed by 
permanganate oxidation to the dicarboxyl derivative. The trimethylol 
envative has not been identified as such, but Bruson and Mac Mullen 12 
have isolated the trimorpholine derivative. 

Unsubstituted phenols are known to add aldehydes in the ortho and 

S« P0S p T' ul COndusive proof of an y add ition in the meta position 
exists Redfarn 13 has reported one case, but the evidence is meager. 

fter the formation of methylol phenols, the course of the resinifica- 
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tion reaction is not clear. These resin intermediates react so rapidly 
and form such a multitude of products that no progress in their isolation 
and identification has been made. Through the works of Hultzsch, 
von Euler, Zinke, and their respective coworkers, who worked with 
substituted phenols, some indication of the nature of these reactions has 
been gained. In their work, the number of isomers is limited by blocking 
potentially reactive positions. Crystalline products can thus be obtained 
and identified. 13 y analogy, a number of products aie thus repoited to 
he formed by the phenol alcohols. The relative importance of these 
various reactions is dependent upon the exact structure of the initial 
phenol and the temperature and the duration of the reaction. A sche¬ 
matic diagram (5) adapted from von Euler et. al. u shows the more 
important chemical reactions that are believed to take place during the 
hardening of the phenol alcohols in an alkaline medium, with heat. 
All these products are represented as the ortho derivatives of phenol, 
and those which are reported in the literature as having been isolated are 
underscored. This is not to be construed to mean that either the analo¬ 
gous para derivatives 
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or a mixture of ortho and para derivatives are not formed. It should 
also be understood that the use of substituted phenols or other alde¬ 
hydes will, in general, form these same basic reaction products with the 
. appropriate substituent groups. 

The most common series of reactions that occur in resol reactions are 
represented by the top line of (5). The phenol alcohol (I) in the simplest 
case reacts with itself or phenol to form a diphenyl methane deriva¬ 
tive (II). The phenol may be excess material in the resinous mixture or 
may be formed by the fission of formaldehyde from the phenol alcohol as 
shown in the diagram. This latter reaction is not important under the 
conditions normally employed in phenoplast manufacture, since the reac¬ 
tion becomes important only at temperatures of 140 to 160°C. 16 It 
should, however, be considered as a contributing reaction during the 
molding operation. It should be remembered, during the discussion of 
(6), that any of the free ortho or para positions in the diagram may be sub¬ 
stituted with methylol or hydroxylbenzyl groups. 

Also of importance in the formation of resols is dihydroxydibenzyl 
ether (III). This is particularly true when low reaction temperatures 
and high ratios of formaldehyde to phenol are employed. Dihydroxydi¬ 
benzyl ether (III) is formed by the dehydration of 2 molecules of phenol 
alcohol (I). 16 This ether is relatively unstable, and although existing 
commonly at the temperatures of phenoplast manufacture, it tends to 
decompose at the temperatures of curing with the liberation of formalde¬ 
hyde. 17 This results in the formation of diphenyl methane (II), the same 
product as formed by the condensation of phenol alcohol and a phenolic 
nucleus. These two reactions are clearly the most important reactions 
in the formation of resols and their subsequent conversion to resites. 

Small quantities of phenol-aldehydes (IV) and nuclear-substituted 
phenols (V) are found in the cured resins when pure phenol and formalde¬ 
hyde are used as reactants. This may be explained by the thermal 
cracking of the dihydroxydibenzyl ether (III) which is said to take place 
at molding temperatures. This reaction is of minor significance in 
tec nical phenoplasts. It is however very prominent during the thermal 
decomposition of the resin. 16 ’ 18 Other investigators 19 point out that the 
proportions of phenol-aldehyde and nuclear-substituted phenols are not 
always equal. They believe that some or all of the aromatic aldehyde 
is formed by the reaction of 2 molecules of methylene quinone (VI) and 
molecule of phenol alcohol (I), which results in the formation of a 

dihydroxy^phenyi ethane derivative (XI) along with the phenol-aide- 
hyde (IV). 

Methylene quinone (VI) has never been isolated, because of its high 
degree o reactivity. Its existence is postulated on the basis of a series 
or crystallizable products that have been isolated and identified. 20 Such 
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an intermediate simplifies the mode of formation of these products and 
is interesting because it indicates a mechanism by which at least a part 
of the phenoplast may be formed by polymerization rather than the 

normal mechanism of condensation. 

Methylene quinone (VI) is believed by some investigators 21 to be 
formed by the dehydration of phenol alcohols (I). Others 22 ’ 23 believe 
the proper mechanism is the dehydration of the dihydroxydibenzyl ether 
(III). Probably both of these reactions take place simultaneously and 
normally only to a slight degree, since the temperatures of formation 
are of the order of 200°C., which is well above the normal molding 


temperatures. 

Methylene quinone is very reactive and tends to immediately poly¬ 
merize into dimers (VII) and trimers (VIII), both of which have been 
isolated. 22 ’ 23 It may also dimerize to give dihydroxy stilbene (IX). 15 
While these would be the normal products of this unstable substance, a 
direct disproportionation reaction is said to take place ■which becomes 
stabilized as stilbene quinone (X) and dihydroxydiphenyl ethane .(XI). n ' u 
Some authors 15 ’ 22 feel there is an active oxidation-reduction process 
taking place during the resin formation. It is interesting to note that 
the dihydroxydiphenyl ethane (XI) has been isolated, while the stilbene 
quinone, winch is still unstable, is believed to react further to other 

more stable resinous substances. 

Thus, it can be seen that fundamentally the alkaline condensation of 
phenol and formaldehyde is a series of reactions leading to dihydroxy- 
diphcnvl methane type derivatives. There exist numerous side 
reactions, however, which are minor but significant contributors to 
the hardened resite. Thus the ultimate product cannot be repre¬ 
sented by any simple set of chemical formulas when an alkaline 

catalyst is employed. 

Novolacs.—As has been pointed out, the use of an acid catalyst 
induces a somewhat different series of reactions. This difference can 
be traced directly to the action of the acid catalyst, which is especially 
influential in promoting the condensation phase of the reaction—the 

splitting out of water. . , 

It appears that the initial product formed in the acid reaction of 

phenol and formaldehyde is also a phenol alcohol. 25 ’ 26 This methylo 

group is immediately condensed under the influence of the acid catalyst 

to a dihydroxydiphenyl methane body. This body, identical wit ( 

is at once the building block of the novolacs and their simplest member. 

It is well established by a number of investigators that the novolacs 

•me chains of phenolic nuclei connected by methylene bridges ine 

novolac chains vary in length in a commercial product from 4 to 

phenolic nuclei. The diagram (6) represents an idealized structure 
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which, although apparently normally linear, may also be a branched 
chain. 



The di- and trinuclear members can be relatively easily obtained when 
the reaction is carried out under mild conditions with a large excess of 
phenol. 

Owing to the high rate of the condensation reaction, under an acid 
catalyst, the novolac of necessity is formed by reacting less than 6 moles 
of formaldehyde with 7 moles of phenol as Baekeland early learned. 
This practice is still followed in industry. With this deficiency of formal¬ 
dehyde, the novolacs are heat nonreactive and are permanently soluble 
and fusible. 


Commercially, the novolacs are cross-linked by reacting with formal¬ 
dehyde in an alkaline medium. This is usually done by blending the 
resin with about 10 per cent of hexamethylenetetramine, which on heating 
splits up into ammonia and an active methylene group which may be 
considered the equivalent of formaldehyde. Such a reaction system 
results in the addition of methylene groups to the novolac chains with 
the formation of reactive phenolic derivatives that undergo the curing 
reactions discussed under resols to form the cured resites which are useful 


to industry. The curing of the novolacs differs from the curing of the 

resols in that amine derivatives rather than water are split out during 
the condensation. 


Phenoplast Reactants.— The sources of the raw materials used in the 
phenolic industry are discussed below. The phenoplasts are now a large- 
volume low-profit product for a highly competitive market. This 
market demands not only the optimum in handling conditions, but also 
a minimum price. The selection of suitable raw materials for resinifica- 
tion largely determines the characteristics of the finished product and, 
thus, is of prime importance, with the economics being a close second.’ 

One of the most notable differences between the various phenolic 
reactants appears in their rates of reaction with formaldehyde. Sprung 28 
has probably made the most complete study of the initial rate of reac¬ 
tion of the various substituted phenols with paraformaldehyde. He 
reports the rate decreases in the following order: 3,5-xylenol, meta-cresol, 
2,3,5-tnmethyl phenol, phenol, 3,4-xylenol, para-cresol, ortho-cresol’ 
2,6-xylenol. Sprung did not consider resorcinol, which normally would 
head his list in terms of reactivity. Megson 29 obtained a similar series 
m another manner. From this series it can be seen that the reaction 
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rates are highest when the directive forces are strongest, thus decreasing 
the effective energy of activation of the reaction. These observations 
are borne out in the commercial manufacture but only for the initial 
reaction. Of the more reactive members, only resorcinol compares 
favorably with phenol in regard to the rate of reaction and the firmness 
of the final cure. These observations can be traced only to the decreased 
number of reactive positions and to the introduction of steric hindrance 
h y the substituent groups. Thus, although the positions may be highly 
activated from the standpoint of the benzenoid ring, the curing into a 
rigid three-dimensional structure may be markedly inhibited by spatial 


considerations. 

Synthetic phenol is now largely used in the bulk of the phenolic 
production. Since the phenol has three reactive positions, good yields 
are obtained and the product sets readily into the rigid three-dimensional 
structure known as resites. For this reason, in the held of phenolic 
molding powders, the use of resins made from pure phenol and formalde¬ 
hyde has not boon surpassed, lhe phenol molecule further lends itself 
to tin' preparation of water-soluble resins, which are used in treating 
papers and similar applications where water provides a cheap dispersing 

medium. 

The crcsols, usually used as a meta-para mixture, and the cresyhc 
acids, usually rich in xylenols, form another group ot reactants. These 
substituted phenols have limited reactivities. With the exception of 
meta-cresol and 3,5-xylcnol, it will be noted that these aromatic rings 
possess only one or two reactive positions. This limited reactivity is 
reflected in the properties of the resins. In general, the resins prepared 
from eresylic acids do not cross-link so rapidly as those prepared from 
pure phenol, which results in some increased flexibility. These proper¬ 
ties are apparently the result of the decreased number of reactive posi¬ 
tions and the introduction of steric hindrance by the substituent group. 
Blend's of cresvlic acids with phenol have been used to obtain special 
properties or molding characteristics. In normal times, the use of cre- 
„ v lic acid has also bad a distinct economic advantage. Ihe flexibility 
t | ult is introduced bv the us,' of cresvlic acids is of value in some applica¬ 
tions notable laminates used in punch stock and post forming applica¬ 
tions. The resins derived from these substituted phenols tend toward 
nil solubilitv. This has resulted in their use to some extent in coatings 
and applications where a minimum water tolerance is desired. 

Resorcinol is another phenolic body that is employed in Limited 
quantities. Its use is based on its high degree of reactivity, which is 
result of the additive directive forces ot the two hydroxy groups 
benzenoid ring. 'Hie present high cost of resorcinol has largely limi 
PS use to special adhesives where fast low-temperature cures are require . 
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Should the price drop, the use of resorcinol will probably expand greatly, 
based on the economies of fast low-temperature curing. A further group 
of substituted phenols of increasing popularity is the para-substituted 
group including para-phenyl, p-tert butyl, and p-tert amyl phenols. 
These are consumed in premium resins whose use depends upon good 
color stability and oil compatibility. They are widely used in the sur¬ 
face-coating field. 

As has been inferred, various aldehydes may also be employed to vary 
the base resin. From the standpoint of the carbonyl reactivity, form¬ 
aldehyde rates as the most desirable reactant. Any of the higher alde¬ 
hydes tend to give more sluggish reactions and result in a slower setting 
resin. While part of this is undoubtedly due to the general decrease in 
molecular reactivity with increasing molecular weight, it is felt that the 
steric hindrance induced by these larger molecules is the prime cause. 
An exception to this statement is to be found where the larger aldehyde 
has other reactive groups. Thus, acrolein and furfural, both capable of 
polymerizing, appear as reactive as formaldehyde, because of these addi¬ 
tional reactive positions. 

Furfural is probably used in greater volume than any aldehyde other 
than formaldehyde in the manufacture of phenolic resins. It is in gen¬ 
eral very comparable to formaldehyde in its properties, with the excep¬ 
tion of being slightly more flexible. One of its disadvantages is the darker 
color obtained in its resins due to oxidation. 

0 

Acrolein and crotonaldehyde belong to the group of unsaturated alde¬ 
hydes. Acrolein has been utilized in the commercial production of 
resins, but neither aldehyde offers any particular advantage. The total 
consumption is accordingly of minor importance. 

Commercially, some acetaldehyde was used in phenolic resin manu¬ 
facture. The properties of the resulting resin follow closely those pre¬ 
pared with formaldehyde so that the consumption has never been large. 

It can thus be seen that a variety of reactants have been considered. 

Their suitability is dependent upon their handling characteristics and 

their cost. To meet specific product specifications, substituted phenols 

and aldehydes are all used to a varying extent, but in most cases they are 

used as a means of modifying the characteristics of the base phenol- 
formaldehyde resin. 

Aminoplasts. The principal aminoplasts of commercial importance 
are those based on the formaldehyde reaction product of urea and mela¬ 
mine and to a much lesser extent thiourea, aniline, and benzene and 
toluene sulfonamides. Although useful resins may be prepared from a 
number of other amino compounds, none has shown the necessary com¬ 
bination of desirable properties and low cost possessed by the above group 
particularly urea and melamine. Among other compounds that have 
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been extensively studied as resin-forming material are dicyandiamide, 
guanidine, and alkyl-substituted ureas. 

There are two principal requisites of an amino compound for forma¬ 
tion of thermosetting resins. (1) The amino compounds must have at 
least two reactive primary amino groups. (2) Except for aromatic 
diamines, the nitrogen of the amino group must be adjacent to a carbon 
atom that has a double bond in order that tautomerism is possible. 
Amino compounds'with but one amino group yield heat nonconvertible 
resins with formaldehyde as do aliphatic diamines which cannot tautom- 
erize. The following formulas illustrate this tautomerism of amino 
compounds: 


H.N 


NH 2 

I 

Urea C = O 

I 

NH, 

Amido form 


N 


NH 


* 


C C 

II I 

N N 

v * 

c 

I 

NH, 

Amino form 


NH 

II 

=i c- OH 

I 

NH, 

Imido form 
H 

i 

HN N NH 
❖ * ^ 

c c 

I I 

H- N N-H 

\ ✓ 

c 

II 

NH 

Imino form 


(7) 


Ammeline, guanidine, dicyandiamide, and thiourea all have this 
characteristic form of tautomerism, and all yield infusible resins with 

i %.• 

formaldehyde. On the other hand, aliphatic amines such as ethylene 
diamine yield resins that cannot be converted by heat to an infusible 
state. 

Compounds with but one amino group condense with formaldehyde 
but do not yield infusible products. Mono A r -alkyl substituted ureas, 
aniline, and aryl sulfonamides are in this class. 


NH» 

I 

C = 0 

I 

HNR 

Alkyl urea 


ch 3 

NH-. 


A 

A 


\/ 

\/ 

(8) 

so : nh 3 

Aniline 



p -Toluene sulfonamide 


Under strong acid conditions, however, 30 it has been reported that in the 
case of aniline and formaldehyde some condensation of aldehyde with 
carbon of the benzene nucleus occurs. This vields infusible resins in the 
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same manner as the phenol-formaldehyde condensations. The aniline 
resins of commerce are fusible but extremely high melting. 

The reaction of formaldehyde with amino compounds has been 
studied widely, and numerous references are available in the scientific 
and patent literature. The first step of the reaction is well understood, 
and most investigators are in agreement on the nature of the reac¬ 
tions and the products formed. 

The initial reaction of an aldehyde with an amino compound involves 
the formation of an alkylol compound. 

H H OH 

• i i 

R- NH 2 + R'- C = 0-> R- N- C- R' (9) 

This general reaction is described in a comprehensive summary by 
Sprung. 31 

Resins are formed from the alkylol compounds by the elimination of 
water and further reaction with active amino and alkylol groups. 

Urea and Thiourea. Urea and thiourea react similarly with formalde¬ 
hyde, although specific properties of the resulting resins are different. 
One mole of urea reacts with up to 2 moles of formaldehyde to form mono- 
or dimethylol urea, which may be readily isolated as crystalline products 
from a neutral or weakly alkaline reaction mixture. 


NH 


0 = C 


( 10 ) 


H 

N - CH 2 OH 
+ HCHO 0 = C 

' i 

NH* NH; 

Monomethylol urea. m.p. 111 ° 

H 

N - CH;OH 
+ 2HCHO 0 = C 

I 

N-CH.OH 

H 

Dimethylol urea, m.p. 126° 

These reactions are reversible, and in order completely to react urea to 
form dimethylol urea about 10 per cent excess formaldehyde is necessary 
Emhorn and Hamburger 33 first investigated thoroughly the above reac- 
tions They isolated the crystalline methylol compounds by reacting 
ormaldehyde and urea m the presence of barium hydroxide followed by 
neutralization with carbon dioxide. Goldschmidt, 33 one of'the first to 
s udy the reaction of formaldehyde and urea, concluded that different 
products were obtained depending upon whether acid, neutral, or alkaline 
solutions were employed. Dixon 3 " also studied the urea-formaldehyde 
reaction under a wide range of conditions. From a slightly acidified 
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solution of 1 mole of urea with 0.75 mole of formaldehyde, he obtained 
methylene urea: 

N = CH 2 

I 

C*0 ( 11 ) 

NH> 

As the ratio of formaldehyde was increased, more complex products were 
obtained. All the products exhibited the same appearance as white 
granules of amorphous structure. From random acidified mixtures of 
urea and formaldehyde, Goldschmidt’s product C 5 H 10 O 3 N 4 generally is 
obtained. Because of the amorphous, insoluble nature of these materials, 
it is not surprising that different investigators have disagreed on the 
structure of the reaction products. 

There are many hypotheses concerning the nature of the reactions 
involved in the further condensation of the methylol ureas to form infusi¬ 
ble resins, de Chesne 35 proposed the following scheme for monomethylol 
urea: 

O O O • 

» H " H H " H 

x(H 2 N- C - N- CH..OH) —> (- HN- C - N- CH,N - C- N- CH >- )x + XH 2 0 (12) 

9 

Dimethylol urea could condense in the same manner, except that 
formaldehyde as well as water would be eliminated in the formation of the 
same type of linear polymer. 

Redfarn 3 ® proposed a mechanism for resin formation in the presence 
of acids based on the initial formation of dimethvlene urea (13), 

H 

N - CH,OH N = CH, 

✓ / 

0 = c -*0 = C + 2 H ,0 (13) 

\ > 

N - CH,OH N = CH, 

H Dimethylene urea 

the dimethvlene urea then forming a polymer of the structure shown in 

(14). 

• - CH CH,- CH, CH,- CH, 

l II • • 

. . . - N - C - N - N - C - N - N - C- ••• (14) 

, II H • 

ooo 

Walter 37 has studied the curing of urea resins and analyzed various 
hardened resin compositions in an attempt to determine their structure. 
He concludes that the cured resins are complex structures containing 
mixtures of various compounds that have varying ratios of nitrogen and 
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oxygen to carbon. For this reason, no single structure can be assigned 
to the intermediate or final product. Walter found the molecular weight 
to be relatively low and concludes that the solid infusible character of the 
resin is due to the formation of micelles and ring systems of very high 
melting point. 

Marvel and coworkers 38 have postulated a structure based on the for¬ 
mation of a trimeric cyclic intermediate which then condenses to give a 
polymer of the following structure: 


H 

- CH*>- N- 


O CH 2 O 

ii ' % ii 

C-N N-C- 

• i 

ch 2 ch 2 

\ / 

N 

c = o 

I 

NH 

i 


H H 

N-CH 2 - N 


O CH 2 

II * \ 

C-N N 

■ i 

ch 2 ch 2 

\ / 

N 

c = o 

I 

NH 

i 


(15) 


Indirect evidence of the above structure was found from a study of the 

composition of glycinamide (NH 2 CH 2 CONH 2 )—formaldehyde reaction 
products. 

The failure of iV-substituted ureas to give heat-hardening products 
can be explained on the basis of the above structure, since the trimeric 
intermediate (16) has no reactive primary amino groups and, conse¬ 
quently, cannot polymerize further. 

O CH. O 
H » 

RN-C-N 

i 

ch 2 
\ 

N 

I 

c 

I 

NHR 

The conflicting opinion on the nature of the resinous product is due 
m part to the fact that the various investigators used different conditions 
of temperature, concentration, and pH for their experiments. It is 
known that the pH at which a urea resin is hardened is important in 
determining its properties. Under alkaline reaction conditions, the 
resins obtained have poor water resistance and the physical properties 
indicate that a high melting low molecular weight product is obtained. 
Under acid conditions, the methylol compounds appear to yield highly 
cross-linked infusible resins possessing good water resistance. 

If a mixture of urea and formaldehyde (37 per cent formalin) is 




II 


N-CNHR 

I 

CH 2 




(16) 
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heated, a solution of methylol compounds is obtained which on con¬ 
tinued heating becomes increasingly viscous until it sets to a firm gel. 
The rate at which the viscosity increases is dependent upon the pH of the 
solution, increasing with the degree of acidity. This effect of pH upon 
reaction rate is used in the commercial preparation of aminoplasts to 
obtain stable intermediate resins that may be hardened rapidly at mold¬ 
ing temperatures. 

Thiourea was used with urea to improve the molding characteristics 
and water resistance of the latter. Thiourea resins are characterized by 
improved flow under molding conditions, which is probably due to the 
lower melting point of the intermediate condensation products. 

Melamine.—Melamine, the structural formula of which is shown in 
( 7 ), reacts with up to 6 moles of formaldehyde under neutral or mildly 
alkaline conditions. These reactions have been thoroughly studied by 
Gams, AVidmer, and Fisch 39 who isolated the crystalline methylol com¬ 
pounds from the reaction mixtures of melamine and formalin. 


H,N N NH 2 

c c 

» « + 6HCHO 

N N 

' C" 

i 

NH, 


CH,OH N CH 2 OH 

i / ❖ / 

N - C C-N 

hoh 2 c » • 

N N CH 2 OH 

\ ❖ 

c 

I 

N- CH 2 OH 

I 

CH..OH 

Hexamethylol 

melamine 


(17) 


On exposure to elevated temperatures, the methylol compounds lose 
formaldehyde, the above authors reporting a weight loss of 45 per cent 
when hexamethylol melamine is heated at 120°C. tor 20 hr. 

The reaction of melamine and formaldehyde in aqueous mildly alkaline 
solution to form the methylol compound reaches an equilibrium in the 
same manner as that of urea and formaldehyde. As the temperature is 
raised, the concentration of uncombined formaldehyde increases. On 
cooling, the formaldehyde recombines so that up to 6 moles may be com¬ 
pletely reacted. 

Other methylol melamines may be prepared, depending upon the 
ratio of formaldehyde to melamine employed. The lower methylol com¬ 
pounds are formed more slowly and are more easily resinified than the 
hexamethylol derivatives. The methylol melamines are most stable at 
about a pH of 8 to 9. In neutral and especially acid solution, the resinifi- 
eation proceeds rapidly, eventually resulting in hard insoluble end prod¬ 
ucts. This further reaction of methylol melamines is more sensitive to 
pH conditions than the corresponding reaction of methylol ureas. 
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Under mild acid conditions, melamine and formaldehyde quickly 
yield white amorphous insoluble products, the exact nature of which is 
not known. Gams, Widmer, and Fisch 39 report, however, that, when 6 
or more moles of formaldehyde are reacted with 1 mole of melamine in a 
strongly acid solution, crystalline hexamethylol melamine is obtained as 
the initial condensation product. 

In the resinification reaction by which the initial melamine-formalde¬ 


hyde condensation products are converted to the infusible state, both 
water and formaldehyde are formed. Kohler 40 and Gams, Widmer, and 
Fisch 39 have studied the resinification of methylol compounds by deter¬ 
mining the amount of water and formaldehyde lost on heating and by ele¬ 
mentary analysis of the final cured resin. They conclude that the largest 
proportion of the linkages between methylol compounds consist of ether 

groups ( 18 ), whereas methylene groups ( 19 ) and ( 20 ) are present to a 
much lesser extent. 
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Ether link 
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R + H 2 0 

(18) 



Methylene links 
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(19) 
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- CH 2 OH - 

■> RN 

i 

c* 

X 

o 

1 

■ NR 

+ hcho+h 2 o 

(20) 


As with other condensation polymers, the resinification reactions and 

the composition of the product are dependent upon concentration of 

reactants, pH, temperature, and time of reaction. These factors and the 

difficulties involved in analyzing the structure of the infusible products 

account for the limited knowledge of the structure of hardened melamine 
resins. 

Reactions of Aminoplast Methylol Compounds with Alcohols. _The 

urea and melamine methylol compounds may be reacted with alcohols to 
yield ethers. In the case of ethers of dimethylol urea, Luther and Heuck 41 
and Sorenson 42 ' 43 describe procedures for their manufacture. The gen- 
eral method is to suspend the methylol compound in an excess of alcohol 
and with an acid catalyst; water is split out, forming an ether linkage. 


H 

N - CH 2 OH 

0 _ ~ acid 

-C + 2ROH—>o = c 

N - CH 2 OH 
H 


H 

N - CH 2 OR 

hn- ch 2 or 


\ 


+ 2H 2 0 (21) 
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The reaction mixture is neutralized with alkali and the methylol urea 
ether recovered as white waxy crystals of sharp melting point. 

These ethers are quite stable to heat but are decomposed rapidly by 
aqueous acids to form the alcohol and a urea resin. In a similar manner, 
Gams, Widmer, and Fisch 39 have prepared and isolated crystalline hexa- 
methyl ethers of hexamethylol melamine by reaction of dry hexamethylol 
melamine in methanol with nitric acid catalyst followed by neutralization 
with sodium bicarbonate. This compound melted at 55°C. 

Methylol melamine ethers of higher alcohols have not been isolated 
as crystalline compounds. As the length of the carbon chain of the 
alcohol increases, the etherification reaction becomes increasingly difficult 
and the amount of resinification due to the acid catalyst becomes larger. 

Hv means of this etherification reaction, it is possible to prepaie 


melamine and urea resins having hydrocarbon solubility. The extent of 
this solubility is dependent upon the chain length of the alcohol and the 
number of alkyl ether groups per resin molecular unit. The methyl 
ft hers of methylol urea and melamine are water soluble, while the butyl 
ethers can be made completely soluble in aromatic hydrocarbons such as 
xylene. Besides giving hydrocarbon solubility, the etherification of 
aminoplast intermediates serves to stabilize the resin so that it is possible 
to store etherified resins for long periods of time without gelation. This 
is not possible with aqueous or alcoholic solution of ordinary inteimediate 
resins, since the resinification reaction cannot be completely arrested in 
such solutions and their useful storage life is usually only a matter of days 


or wrcks. . . . 

The etherified resins are used at present chiefly in the paint industry 

in the formulation of hard durable baking finishes. Treatment of textile 

fabrics to reduce shrinkage and for crease resistance is another application 

for certain of the urea and melamine ethers. 44 4 ‘ 

Aniline-formaldehyde Resin.— Aniline reacts with formaldehyde to 

form anhydroformaldehyde aniline, a six-membered ring compound. 



+3HCHO 


C,H k 

N - CH ; 

H ; C N - C„H, 

x ' 

N - CH; 


C.Hh + 3H,0 



In the presence of condensing agents, particularly acids, it is probable 
that formaldehvde reacts with the aromatic nucleus in the same way 

as with phenol 44 (Kroneberg). Aniline formaldehyde resins are relatively 

slow curing and require strong acid catalysts to yield infusi e re • 
For some applications where high temperature stability is not requned, 
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the resin is handled as a thermoplastic material. Poor solubility of the 
intermediate reaction product and its slow curing characteristics have 
reduced the usefulness of aniline resins except for limited applications 
principally in the electrical field. 


RAW MATERIALS 


Phenol: 


Some quantity of phenol is obtained from coal-tar distillate. The 
material from this source, generally termed “natural” phenol, is isolated 
by distillation from a complex mixture of substituted phenols with which 
it occurs. The commercial product is essentially pure phenol, but it does 
contain a small quantity of higher boiling substituted phenols. 

By far the greater portion of phenol used commercially is produced 
by synthesis from benzene. There are, at present, three commercial 
methods: 

1. Fusion of Sodium Benzene Sulfonate .—This method, utilized for 
many years, is sometimes called the “classical synthesis” of phenol. 
Benzene is treated with sulfuric acid. The sodium salt of the resulting 
benzene sulfonic acid is dried and fused with an excess of sodium hydrox¬ 
ide. Phenol is obtained by acidifying the resulting sodium phenylate. 
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- SO.,Na 
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V 

/\ 
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T Na 2 S0 3 T H 2 0 


OH 


+ Na 2 S0 4 





2. Dow Process— In this process 49 chlorobenzene is hydrolyzed by 
reacting chlorobenzene, excess sodium carbonate, and water continuously 
at high pressures and temperatures. 
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\ 



+ 2NaOH 



+ Acid 



+ NaCI + H 2 0 






3. Raschig Process .—This process 50 also utilizes hydrolysis of chloro¬ 
benzene. Benzene is converted into phenol catalytically in the vapor 
phase in two stages. In the first stage benzene is chlorinated with HC1 
and air. The chlorobenzene is then hydrolyzed with steam and HC1 is 
recovered. 



+ HCl -j- J 2 O 2 



+ H2O 



+ h 2 o 



+ HCl 



Cresols: Methyl phenols 



(3 isomers) (27) 


The cresols, or methyl substituted phenols, are obtained from coal- 
tar distillates. A mixture of isomers, ortho-, meta-, and para-cresol, as 
distilled from coal tar, is called cresylic acid and is widely used in resin 
manufacture. The isomers boil over a rather narrow range and are 
difficult to separate by distillation; nevertheless, some quantities of 
relatively pure isomers, particularly ortho-cresol, are marketed. A frac¬ 
tion containing essentially meta- and para-cresols is commonly used for 


resins. 


Xylenols: Dimethyl phenols, 



(6 isomers) (28) 


The xylenols, dimethyl-substituted phenols, are present in coal-tar 
distillate along with phenol and cresols. Altogether, 0 isomers /are pos- 
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sible. In commercial practice, little attempt is made to separate isomers. 
Fractions of coal-tar acids, higher boiling than cresylic acid, are com¬ 
posed largely of xylenols. Some quantity of these higher boiling tar 
acids are used for resin manufacture. 

Recently, the production of a relatively pure 3.5-xylenol synthetically 
from petroleum products has been announced. No details of the syn¬ 
thesis have as yet been published. 

Para-substituted Phenols. —For the production of surface coating 
resins, phenols with alkyl and aryl groups substituted in the para posi¬ 
tion are used. There are three principal materials. • All are produced 
synthetically. 

1. p-Phenyl phenol 61 






OH 


(29) 


This is obtained as a by-product in the chlorobenzene hydrolysis 
method for producing phenol. 
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OH + 2HCI 


(30) 


2. p-tert Butyl phenol 62 


HO 




CH 3 

I 

- C - CH 

I 

CH, 


(31) 


This is produced synthetically by condensing phenol and isobutylene. 
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(32) 


3. v-tert Amyl phenol 53 


HO 




CH 3 
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- c- c 2 h 6 


(33) 


CH 


This is produced synthetically by condensing phenol and amylene. 
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( 34 ) 



72 


FUNDAMENTALS OF PLASTICS 


Formaldehyde: 


H 

I 

H- C = O 


(35) 


Formaldehyde, 54 a gas, boiling at -21°C., is used commercially as an 
aqueous solution, containing approximately 37 per cent formaldehyde, 
known as formalin. The most common commercial method of produc¬ 
tion is the oxidation or dehydrogenation of methanol. Commercially, 
the dehydrogenation is carried out in the presence of heated catalysts— 
platinum, copper, or silver. Some air, mixed with the methanol vapor, 
oxidizes the hydrogen and supplies the heat necessary to carry out the 
reaction. 

CH,OH + MO, -> HCHO + H 2 0 (36) 

Another method, used to some extent commercially, is the partial 
oxidation of lower hydrocarbons—methane, ethane, propane, or ethylene. 
For example, 

CH 3 CH, + 20, — HCHO + CO + 2H 2 0 (37) 

Acetaldehyde: 


CHjCHO 

This is obtained by the oxidation of ethyl alcohol 

% V 

CHjCH : OH + O -» CHjCHO + H 2 0 


(38) 


(39) 


or by the hydration of acetylene in the presence of mercury salts as 
catalyst. 

CH s CH 4- H ; 0 — CH; = CHOH —» CHjCHO (40) 

« 

Acetahlehyde is a liquid boiling at 2l°C\ It is sold in this form and 
also in tin* polymerized form, paraldehyde, which boils at 124°C. The 
polvmer, which probably is a trimer, readily reverts to the monomer on 
heating with dilute acids. 


Furfural: 


CH ■ C- CHO 


O 


(41) 


CH 


C 

H 


Furfural is produced commercially in large quantities by treating 
vegetable products having high contents of pentoses and pentosans, 
usually oat hulls, with a mineral acid such as sulfuric. Furfural is a 

liquid that boils at lfi2°C. 

Acrolein : 

CH, s CHCHO ^ 2) 



THERMOSETTING RESINOUS CONDENSATION PRODUCTS 73 


Acrolein, a liquid boiling at 52°C. and possessing a very irritating odor, 
is prepared by heating glycerin with a mild dehydrating agent such as 
potassium or sodium acid sulfate. 

HOCH 2 CHOHCH 2 OH — HOCH 2 CH = CHOH -V (43) 

HOCH 2 CH 2 CHO — CH 2 = CHCHO 

Hexamethylene Tetramine: 

(CH 2 )cN 4 (44) 


In commercial practice, hexamethylene tetramine is generally known 
as hexa. It is prepared by evaporating a solution of ammonia and 
formaldehyde. 

6H 2 C = O + 4NH 3 -> (CH 2 ) c N 4 + 6H 2 0 (45) 

Resorcinol : m-Dihydroxy benzene 


OH 




Resorcinol is prepared by fusing the sodium or potassium salts of 
meta-benzene disulfonic acid in the same manner that phenol is prepared 
from sodium benzene sulfonate. 


Urea: 


- SO s Na ONa 


OH 



NH 2 - C- nh 2 

II 

O 




As a white crystalline solid, urea is prepared in enormous quantity 
by the reaction of carbon dioxide and ammonia at high pressure. 

C0 2 + 2NH 3 —► NH 2 C0 2 NH 4 —► NH 2 - CO- NH 2 + H 2 0 (49) 

Urea melts at 132°C. It is the chief nitrogenous product of protein 
metabolism. It has the distinction of being the first organic compound 
synthesized in a laboratory. This was accomplished by Wohler in 1828. 

Melamine: 1, 3, 5-triaminotriazine 

✓ ** 

C- NH 2 
/ ❖ 

N N 

II I 

h 2 n-c c-nh 2 


(50) 
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Melamine may be considered a polymeric form (trimer) of cyanamide 

NHo—C hN. Melamine is prepared from calcium cyanamide. Extrac¬ 
tion of this latter material with hot water produces dicyandiamide (a 

dimer of cyanamide). Dicyandiamide when heated is converted into 
melamine. 


NH, 

II 

CaN - C = N + 2H 2 0 —> H 2 N - C - N - C s N — H 2 N 

H 

Dicyandiamide 


Aniline: amino benzene 

- NH 2 



N ' 

/ ❖ 

c c-nh 2 

II I 

N N 

' * 

c- nh 2 

Melamifte 




Aniline is detained by reducing nitrobenzene, usually with a strong 
acid and iron filings. 





+ H 2 0 



Filler.—Of the many fillers 55 that play a very important part in thermo¬ 
setting plastic materials, the following are a few of the more important. 

1. Wood Flour .—Wood flour, the most widely used filler for pheno- 
plasts, is manufactured by dry grinding soft wood. The usual source is 
waste from woodworking operations. 


2. Colton Flock .—Cotton rag or textile waste is disintegrated or 
“flocked” to produce the fluffy mass known to the industry as “cotton 
flock.” The operation can be controlled to produce a variety of materials 
of varying liber lengths. 

3. Macerated Fabrics .—Cotton fabric remaining from garment fabri¬ 
cation is cut into small pieces to produce “macerated rag,” the filler used 
in many phenolic molding compositions of high impact strength. Since 
the weight of fabric and the size of cuttings can be varied, a large num¬ 


ber of grades are available. 

1. Tire Cord .—Waste cotton cord remaining from the manufacture of 
tires is cut into short lengths and used as a filler for some phenoplasts. 

5. Alpha Cellulose .—The most widely used filler for aminoplast mold¬ 
ing composition is a paper or board made from a purified bleached cellu¬ 
lose. The alpha cellulose content of this material may be as high as 92 
per rent. The primary source of this cellulose is usually wood. 
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6. Paper. —Paper, of many grades, is used in large quantities for 
laminates and also to some extent, in a chopped or macerated form, as 
filler for phenoplasts. Paper pulp, of many types, is used in the pulp 
preform method of producing phenoplast moldings. 

7. Waste Rope Fibers. —Waste rope fiber, particularly sisal, is used 
as a filler in some phenoplasts. 

8. Mica. —Finely ground mica is used as a filler in many phenoplasts 
intended for electrical-insulation purposes. 

9. Asbestos. —Asbestos in a number of forms is used in phenoplasts 
that must have good heat resistance. The most common form is a fairly 
finely ground material. However, asbestos of fairly appreciable fiber 
length as well as asbestos paper, fabrics, and cord are also utilized. 

10. Diatomaceous Earths. —Diatomaceous earths are also used as fil¬ 
lers in phenoplasts that must have good heat resistance. 

11. Lignin. —While not exactly a filler, some mention should be made 
of the numerous materials, loosely classified as lignin, that have been used 
in connection with phenoplasts. Lignin is the chief noncellulosic resinous 
component of wood. Some of these materials have been isolated from 
the lignin wastes of the paper industry. Others have been prepared 
through hydrolysis of wood and are mixtures of lignin and cellulose. 
Actually, little is known of the composition of these materials. In pheno¬ 
plasts, the lignin materials serve both as fillers and as extenders for the 
phenolic resin. 
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CHAPTER VI 


THERMOSETTING RESINOUS CONDENSATION PRODUCTS 

( Continued ) 

MANUFACTURING PROCESS 

% 

The manufacture of thermosetting resinous products utilizes many 
processing methods and techniques in order that the large variety of 
materials, which the term includes, can be produced. Therefore, a 
detailed description of all commercial processing methods cannot be 
attempted. There are some practices that are quite generally followed 
throughout the industry, and the production of thermosetting molding 
powders, the most important complex end products, illustrates many of 
these. 

Phenoplast Molding Powder. —The first step in phenoplast-molding- 
powder manufacture, and this is common 'with all phenoplasts, involves 
the reaction of phenol and formaldehyde. As indicated in the previous 
discussion, this may involve acid catalysts, with the isolation of novolaks 
or an alkaline catalysis resulting in heat-reactive resols. The exact 
quantities of reactants depend upon the end product desired. However, 
as a generalization, the novolaks are prepared from approximately 0.7 to 
0.85 mole of formaldehyde per mole of phenol, using approximately 1 per 
cent acid as catalyst. For resols, approximately 1.20 to 1.50 moles of 
formaldehyde per mole of phenol are used and up to 6 per cent of various 
alkaline materials are employed as catalyst. To keep the reaction under 
control, it is often customary to add one or the other of the principal 
reactants slowly to the reaction kettles. The temperature at which the 
initial reaction between phenol and formaldehyde is conducted may vary 
from 65 to 100°C. In any case, the reaction between phenol and form¬ 
aldehyde is highly exothermic. The large quantity of heat generated 

must be removed under controlled conditions to prevent the reaction from 
becoming violent. 

After completion of the initial reaction between phenol and form¬ 
aldehyde, the resin must be isolated in a form that can be used in subse¬ 
quent processing. The most usual operation is dehydration of the resin 
by distillation at reduced pressures. The resulting resin, a molten high- 
viscosity liquid, is discharged from the kettle and quickly cooled to obtain 
a brittle fusible resin which can be readily ground to a fine powder. 

Resin preparation is usually carried out in agitator-equipped kettles 
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which may vary in size from a few to several thousand gallons. To obtain 
the necessary temperature control, these kettles are equipped with jackets 
or coils for heating and cooling, and quite often with condenser systems, 
which allow heat to be removed and the temperature to be controlled by 
refluxing, sometimes at subatmospheric pressures. The kettles are 
equipped with ports for charging raw materials, sampling, and observa¬ 
tion of the reactions. Drainage facilities are provided for removing 
resins from the bottom. In the case of kettles used for resins that are 
completely dehydrated, the bottom discharge port must be quite large to 
facilitate rapid “dropping” of the resin. The materials used for the 
construction of reaction kettles is determined by the product manufac¬ 
tured. Ordinary steel is satisfactory for reactions that are catalyzed by 
alkali and where color of the finished product is not important. Stainless 
steel is often used for reactions that are catalyzed with acids. Nickel has 
been widely used for those products where color is of importance. 

Two general procedures are followed for the conversion of resin, fillers, 
and other ingredients into molding powders. The more common method 
is the so-called dry process in which the various ingredients are mixed 
and blended as dry solids. The other process involves impregnating 

fillers with solutions of resin and then drying. 

In the dry process, dehydrated finely ground resins are mixed with the 
other ingredients, fillers, lubricants, catalyst, hexa, and dyes, also in a 
finely divided state. The dry materials, after blending in ball mills or 
other mechanical devices, arc thoroughly mixed or milled at high tempera¬ 
tures in two roll frictional mills, Banbury mixers, or similar heavy-duty 


mixing equipment. This operation fuses the resin and ensures a com¬ 
plete and uniform dispersion of all ingredients and a wetting of the filler 
by the resin component. Also during the high-temperature milling 
operation the resinification reaction proceeds, lo obtain a product of 
proper molding characteristics, the time and temperature of milling must 
be carefully controlled. The plastic mass obtained from the milling 
operation is cooled and ground to the proper state of subdivision foi use 
as a molding powder. It is customary to carry out extensive blending 

operations to ensure uniformity of the final product. 

As is discussed elsewhere, the filler is largely responsible tor the proper¬ 
ties of the finished product. Because the milling operation may result in 
a disintegration of fillers of long fiber length (macerated rag, asbestos, 
etc.), the dry process is not applicable to all products. Ihe alternative 
uut process is used for those materials in which it is necessaiy to pre 
serve fiber length or fabric structure. In this process, water or solvent 
solutions of resin are mixed with the filler and other ingredients, mechani¬ 
cal mixers being used which will facilitate a uniform impregnation. The 
solvent is removed by drying and the resinification reaction advanced by 
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controlled heating. The material produced in this manner is generally 
quite bulky and often requires densification. In another modification of 
the wet process, fabric or paper in continuous lengths is impregnated with 
a resin solution, dried, and then cut into small particles. 



Phenolic resins for uses other than molding powders can be thought of 
as being extracted from the process at the completion of the phenol- 
formaldehyde reaction. Of course, to meet the many requirements 
demanded of these resins, many variations of composition and catalyst 
extent of reaction, degree of dehydration, and choice of solvents must be 

Figure 1 illustrates the relationship of various phenoplast materials. 
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Aminoplast Molding Materials.—The procedures for producing 
aminoplast molding materials are in general similar to those used for' 
phenoplasts. A reaction product of the amino compound and formalde- 
h\ de is intimately mixed with filler, catalyst, dyes, and lubricants. The 
resulting mixture is formed into pellets of the proper density for use as 
molding powders. In contrast to phenoplast technology, the customary 
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method of preparing aminoplast molding materials is a wet process, with 

the dry process used only to ii limited extent. 

In preparing urea resins for molding compositions, or for other applica¬ 
tions such as laminating or adhesives, urea is dissolved in formalin and the 
pi I controlled within the range of 5.5 to 8, the exact value depending upon 
the particular process. Mild buffers such as triethanol amine, ammonia, 
and lactic acid may be used to control the pH of the reaction solution. 
Fixed alkalies that promote the Cannizzaro reaction with formalde y e 
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are generally avoided. The mole ratio of formaldehyde to urea is in the 
range of 1.5:1 up to 2:1, depending upon the use of the resin. The lower 
ratios are preferred in molding compositions because of less gas in the 
curing operation. 

The initial reaction in the liquid phase is carried only to the methylol 
stage or slightly beyond. A low-molecular-weight resin allows more com¬ 
plete saturation of the filler, resulting in better translucency and water 
resistance. The aqueous resin is then mixed with a cellulosic filler and 
the mixture carefully dried to remove the water completely. This dry 
product is then ground with suitable coloring matter, lubricants, and 

catalysts. The resulting product is used as a molding powder with or 
without densification. 

Melamine resins are manufactured in much the same manner as those 
from urea. Commercially, melamine resins are made with 2 to 6 moles of 
formaldehyde per mole of melamine, depending upon the end use of the 
resin. The initial reaction is carried out in 37 per cent formalin \v r ith the 
pH adjusted in the range of 7.5 to 9.5. The reaction is usually arrested 
when the condensation has gone beyond the methylol stage but while the 
lesin is still fusible and partly water-soluble. The procedure followed in 
making molding compositions, laminates, or other products from mela¬ 
mine resins is much the same as for ureas. 

The chart in Fig. 2 illustrates the relationship of various aminoplast 
materials. 


FABRICATING METHODS 


The thermosetting resinous condensation products have been fabri¬ 
cated by virtually every method known to the art. Since these methods 
are generally discussed in other chapters of the book, this section will be 
restricted as nearly as possible to the details of the art peculiar to these 

resins. A more detailed discussion of these processing methods would be 
superfluous at this point. 


Casting.— The fabrication of products by casting sirups into molds and 
curing is a phase of the industry that has been largely restricted to the 
phenolic resins. The success of the casting technique was based largely 
on low mold costs, which permitted the production of small-volume 
i ems. Several types of molds are used, the lead or lead-alloy molds 
eing the most common. A hardened steel arbor is machined to the 
outside contour of the article required. The arbor is dipped into the 
molten lead or lead alloy and when cooled is removed from the arbor 
This lead shell serves as the mold which is used once and remelted for 
making further molds. Molds are also made from glass, where it can 
be easily blown to shape and broken away from the casting 

Aside from specialty arbors used for molding a single article, many 

• 7 * 
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articles are cast as units in large molds and are then sliced and machined 
to shape. Sheets, for example, are commonly cast in large trays and 
subsequently sliced. 

In the casting operation, the resin is drawn from the bottom of the 
kettles in ladles and poured slowly into the molds to prevent the trapping 
of air bubbles. The molds are placed in an oven at 65 to 85°C. for a 
period of days to allow the resin to harden slowly without the formation 
of gas or steam bubbles. 

The hardened casting is removed from the mold by mechanical vibra¬ 
tion and put through the finishing operations necessary for the particular 
part. This may include the removal of flash by tumbling, grinding, saw¬ 
ing, and finally buffing. The final step is necessary to obtain a high gloss 
on those sections which have been machined. These expensive finishing 


operations are one of the drawbacks of the process. 

A group of cold-setting casting sirups are also being used now where 
structural stability rather than appearance is of importance. An acid 
catalyst is added to the resins prior to their casting. On curing, a white 
opaque solid is obtained within an hour. This type of casting is now 
finding a wide application as jigs and patterns for metal fabricators. 66 
Some decorative articles are also made in this manner. In this connec¬ 
tion. it has been found desirable to prepare molds from vulcanized rubber 
latex which provide the accurate reproduction of details and the further 
advantage of st ripping from irregular contours. The use of a rubber mold 
permits the forming from arbors of carved plaster of Paris, etc. The rub- 
molds are commonly lubricated with a material such as glycerin prior 


to the casting operation. 

Molding.—All the common molding methods have been used in the 
fabrication of phenolic parts. The bulk of the phenolic resins and most 
of the melamine and urea resins are molded by compression molding. 

Compression presses with multiple-cavity steam-heated molds are 
used for volume production. Their versatility and adaptability have 
been responsible for their popularity. Eighty two per cent of the mold¬ 
ing materials were molded in this type of a press in iWl."' These 
presses readilv handle all the molding materials encountered in this held 
with their variety of tillers, which may be wood flour, mica, asbestos, cord, 

rag, or macerated fabric. , 

In the compression molding cycle, preforms, tablets, or powders are 

charged into the heated mold cavities containing the necessary inserts, 
from loading fixtures. The charges are frequently preheated before load¬ 
ing to reduce the cvele and to reduce the shearing force on inserts as the 
mold is closed. The mold is closed hydraulically at a rate that is co 
sistent with the flow characteristics and the rate of cross linking o 
molding powder. Table I gives a summary of the typical conditio 
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temperature and pressure used in molding the various grades of thermo¬ 
setting molding materials. 


Table I 


Material 


Resin 


Phenol-aldehyde. 

Phenol-aldehyde. 

Phenol-aldehyde. 

Phenol-aldehyde. 

Urea-formaldehyde. 

Melamine-formaldehyde 

Melamine-formaldehyde 

Melamine-formaldehyde 



Molding 


Wood flour 
Mica 
Asbestos 
Fabric or cord 
Alpha cellulose 
Mineral 
Fabric 
Wood flour 


280-360 

280-330 

270-350 

270-360 

290-325 

300-350 

300-350 

300-350 


Pressures, 

p.s.i. 

1.500- 4,000 
2,000-4,000 
1,600-6,000 

2.500- 8,000 

1.500- 6,000 

1.500- 4,000 

2.500- 6,000 
2,000-4,000 


Of these materials, the urea-formaldehyde group is the most critical 

as regards the temperature and duration of the curing operation. No 

specific details on these can be given, since each mold and material will 

have its own peculiarities requiring different curing conditions. Since 

there is frequently a large volume of gas and water vapor formed during 

• the curing operation, gas releases are frequently desirable prior to the 

initiation of cross linking in the resin. This minimizes the tendency of 

blistering in the final piece. The curing period may range from a matter 

of a fraction to several minutes. After curing, the thermosetting 

materials may be ejected from the hot mold with pins, and after cleaning 

the molds, where necessary with compressed air, the molding cycle is 
repeated. 


While the molding operation generally employs? steam as the heating 

medium the use of electricity is gaining in popularity. Resistance 

heaters have long been used on a limited scale in the heating of platens 

and in preheating ovens. The recent increase in popularity of electrical 

eating is due to the introduction of high-frequency dielectric heating. 68-60 

The heatronic process, as it is widely referred to, is now primarily used for 

preheating. A preformed tablet of the molding material is heated 

uniformly throughout its mass to about molding temperature in a high- 

requency electrostatic field. The heated, softened mass is then trans- 

erred to the hot mold and finished in the normal manner. This process 
oners the following economic advantages: 

1. A shortened curing cycle 


2. Uniformity in the heating of the preform resulting in 

a. Uniform flow 

b. Uniform rate of cure 
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c. More uniform physical properties in the molded products 

d. Less gassing 

3. Permits the molding of larger and more complicated pieces with 
lower pressures 

4. Lower maintenance costs on the molds 

It is also being used in some applications in the curing operation where a 
poor heat-transferring medium is encountered. 61 Its uses mil become 
more widespread throughout the industry. 

The use of pulp preforms for compression molding holds promise for 
the manufacture of large pieces. 62 In the pulp-preforming process, kraft 
pulp, cotton fabric, or other materials are dispersed in water in a beater. 
From the beater the material is placed in a slurry tank from which it is 
felted out on a screen with a contour of the piece to be molded in the 
manner used in making papier mache articles. These forms of the 
finished article are dried and impregnated with either a phenolic or 
melamine varnish. The impregnated forms are dried and subsequently 
compression molded. The advantage of using the pulp preforms rests in 
the uniform dispersion of the filler and resin throughout the form to be 
molded so that lower pressures can be used while good flow is obtained. 
The lower pressures are a necessary adjunct of the molding of parts with 
large surface areas without the use of tremendous presses. 

An alternate method of preparing pulp preforms is referred to as the . 
beater-dispersion technique. The finely ground resin is dispersed in the 
beater with the pulp and so becomes intimately mixed with the fibers. 
The pulp und resin are then felted out during the preforming operation, 
dried, and molded. The beater-dispersion technique may also be 
used in paper machines tor the preparation of stock for paper-based 

laminates. 63 94 

Transfer molding is an adaptation of the compression-molding tech¬ 
nique whose use is largely confined to the thermosetting resins of the 
phenolic and melamine types. 66 It differs from compression molding 
in that the molding material is softened by heat to a plastic state in a 
chamber, usually incorporated in the mold block. It is generally forced 
from this chamber, in the softened state, into the closed heated mold 
cavity by an auxiliary ram. After the short curing period in the mold 
cavity, the cured piece is ejected. This method possesses the advantage 
of placing less shearing st ress on the inserts and pins, allowing the molding 
of more complicated pieces. Such a technique frequently utilizes high- 
frequency heating for preheating the preforms charged into the heating 
chamber. Since the molding material is thoroughly heated before leaving 
the heating chamber, the molding cycle is shortened. This is a particular 
1 vantage in the molding of thick sections that would require a pro¬ 
longed heating period in the conventional compression technique. 


a< 
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Jet molding is a step closer to the injection method utilized widely in 
the thermoplastic field. The molding material is forced by means of a 
ram or a screw feed through a heated jet where it becomes plastic and is 
forced into the clamped mold cavity. Essentially the method dilfers 
from transfer molding in the means of heating and conveying the molding 
material. The same advantages are enjoyed by both methods. 

The extrusion or injection molding of thermosetting material has 

recently been undertaken on a commercial scale. 66 It has not y#t reached 

the point of being an extensive means of fabrication, but a bright future 

is foreseen. It will be noted that extrusion differs from transfer molding 

by the plasticizing of the material as it is forced through the jet rather 
than as two separate operations. 

The material requirements for either of these methods differ from 
those used in compression molding in the matter of flows. Good flowing 
materials with a long flow period are required so that the softened mate¬ 
rials may be forced readily into the mold cavity and will fill it completely. 

Laminating. Laminates are prepared from a variety ot sheet mate¬ 
rials which include paper, cloth and glass fabrics, and wood. These 
sheet materials are impregnated with an equally large assortment of 
phenolic, urea, and melamine resin varnishes, all developed to confer a 
specific set of properties on the finished laminate. 

The impregnation is normally carried out by dipping the fabric or 
paper into a vat of the resin solution. The concentration of the varnish 
is normally adjusted to give 30 to 60 per cent pickup of resin on the 
sheeting. As the impregnated material leaves the varnish vat, it passes 
between a set of squeeze rolls to remove excess varnish from the surface. 
It then passes through a drying oven at 85 to 135°C. in which the solvent 
is removed and the resin advanced. The advancement of the resin and 
the control of the volatile content are the critical factors in the drying 
operation. These govern the flow characteristic which must be con¬ 
trolled to obtain a uniform surface and properties. The elimination of 

excessive flash is also desired. As the material comes from the drier it 
is rolled and stored for use in the presses. 

The greater part of the laminating stock is made by the general pro¬ 
cedure given above. Mention has been made of the beater dispersion 
technique as a method of incorporating resin in pulp for laminating pur¬ 
poses. A further process, known as the Novak or wet-web process 
utilizes water-soluble resins. The wet paper stock on the wet end of a 
paper machine is passed through a vat of resin solution of adjusted con¬ 
centration. After a presqueeze, to remove the excess, the sheets are 
dried and rolled preparatory to use. 

Sheets are the most commonly laminated forms. These are pressed 
m a vanety of sizes with the area of the press platens being the limiting 
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factor. The material is unrolled and cut to size, and a sufficient number 
of sheets are laid up to make the desired thickness. These are placed in a 
multiple steam-heated press at 200 to 350°F. for periods ranging from 10 
min. up to several hours, depending upon the resin used and the thickness 
of the laminate. The long pressing times required for the heavy grades 
of laminates has made the use of high-frequency heating desirable in 
many of these presses. After pressing, the piece is removed and trimmed 
to size. 

Tubes are also laminated usually from paper. This is accomplished 
by wrapping the impregnated paper on mandrels under heat and ten¬ 
sion and then placing them in an oven. After curing and stripping 
from the mandrel, these tubes are frequently ground on centerless 
grinders to obtain a smooth exterior surface. Such tubes find vide 
usage as coil forms in radios and other low-voltage applications. 

In addition to the lamination of sheets and tubes, rods are also manu¬ 
factured. This process follows closely that used in the production of 
tubes, except that a very small mandrel is used and withdrawn before the 
curing operation, which is performed in a closed mold. 

Laminates are further prepared in a variety of special shapes. These 
shapes are frequently molded with the use of special dies. Thus gear 
stock is stamped from impregnated cloth and molded into laminated 


gears. Various contours are also made in this way. 

The use of low-pressure laminating 68 69 or bag molding is finding wide¬ 
spread use in this connection. While strictly speaking these two tech¬ 
niques differ, they are commonly used together and as such will be treated 
as a unit. These processes have the advantage of permitting the laminat¬ 


ing of large shapes with compound contours without the necessity of expen¬ 
sive molds and large presses. In this technique, the impregnated fabric 
is trimmed to shape and laid up in large molds of plaster of Paris or wood. 
The molds may then be placed in a large rubber bag which is evacuated 
and placed in an autoclave to which low-pressure steam is admitted. 
Alternately, the evacuated bag is placed in a hot-water bath or is so 
arranged as to be loaded with hot water. Such a fabrication method 


requires a low-temperature curing resin. 

Two further methods of fabricating laminates tor special applications 

are the postforming and punching techniques. The postforming tech¬ 
nique makes use of a specially prepared fiber-base laminate. 7 ®' 71 Ihese 
sheets, after being cured, are reheated in an oven at 180 to 250°C. for 1 to 
3 min.' The laminates soften during this treatment and may be formed 
in a variety of shapes by applying a moderate pressure to the laminate in a 
wooden file. After cooling, the original properties of the fully cured 
laminate are regained. The punching operation is normally carried out 
in a similar manner. The heated laminated stock is cut into the desired 
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shapes by punching in an operation very similar to metal punching. 
This technique is widely employed in the electrical field. 

PROPERTIES AND USES 

4 

In the preceding sections, the raw materials, the chemistry involved, 
the manufacture and the fabrication of thermosetting condensation prod¬ 
ucts have been considered. In conclusion, it is fitting that a discussion 
of the ultimate applications for these products be considered along with 
the properties that make them first-class fabricating materials. 

The thermosetting resinous condensation products differ from the 
thermoplastic products, the addition and natural polymers, by their 



Temperature,°C. 

Fig. 3. 


infusibility and insolubility. This is a direct result of the polyfunction- 
a ty of the raw matenals which permits a high degree of cross linking. 

e thermosetting nature, which requires exacting controls during manu¬ 
facture and fabrication, greatly enhances the usefulness of this group of 
resinous substances. While the thermoplastic materials do not generally 
retain thei* form in boiling water, the thermosetting group have useful¬ 
ness at higher temperatures. This greater temperature range is graphi¬ 
cally shown in Fig. 3, where the flexural strength of various commercial 
plashes as a function of temperature is shown.” These trends, which are 
JTical of all the physical properties with temperature variations, show 
the thermosetting resins to have a much broader working range 

As has been mentioned, this highly cross-linked structure results in a 

SetfhTm T “ u ? iS inertneSS t0 al ‘ COmmon or « anio Events 

mates them indispensable where contact with oils, solvents, or solvent 
vapors is to be experienced by the finished part. 

condentf fr ° m th f 8e maj ° r differences in Properties, the thermosetting 
ondensation products differ among themselves. Although the general 
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strength characteristics are all very similar, largely because of the fillers 
employed, each has its ora specific virtues. 

Frequently, economic considerations are of prime importance. These 
may take the dual forms of (1) initial raw-material costs, and (2) fabrica¬ 
tion costs. From the standpoint of initial raw-material costs, the phe- 
nolies and ureas have a distinct advantage over the melamines. In the 
fabrication-cost analysis, the phenoplasts are more economical than the 
aminoplast. Thus for numerous items, the phenolics on a purely cost 
basis find wide usage. However, other requirements are frequently of 
greater importance. 


Table II.—Comparison of General Properties 


Properties 


( 'olor 


(V.lor stability. 

% 

( heinieal resistance 


Kleet rieal prnperties . . 


Phenoplast 


Water resistance 


Limited to dark, opaque 
colors except for east resins 

Poor 

Generally good acid resist¬ 
ance, poorer alkali resist¬ 
ance 

Good insulation resistance, 
good loss factor, poor arc 
resistance 

(loud 


Aminoplast 


Hardness and abrasion Good hardness and abrasion 
resistance. i resistance 


Solvent resistance. 


( iood 


Unlimited colors in trans¬ 
lucent and opaque 
Good 

Generally good alkali re¬ 
sistance, poorer acid resist¬ 
ance 

Good insulation resistance, 
fair loss factor, good arc 

V 

resistance particularly mela¬ 
mine 

Urea resin fair, melamine 
resin good 

Generally good in both prop¬ 
erties with melamine excel¬ 
lent 
Good 



Color and color stability are examples of requirements that over¬ 
shadow the economics. The phenoplasts are adaptable only to the dark 
opaque colors. The aminoplasts, on the other hand, are adaptable to the 
entire range of colors and white as either opaque or translucent objects. 
These thermosetting resins cannot be produced in a transparent form, 

except for cast phenoplast. 

From the standpoint of surface hardness and abrasion resistance, the 
melamine resins are unsurpassed. This has led to their use in table tops 

and surface coatings. 

The melamine resins also hold a unique place in the electrical field. 
They are the best materials available from the standpoint of arc resist¬ 
ance. This property makes them exceedingly valuable in connection 
u-ith high-voltage installations. The phenolic resins fulfill an .equally 
important role in providing low loss factors in high-frequency installa¬ 
tions that operate at elevated temperatures. 
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In water resistance, both the melamine and phenolic resins are superior 
to the ureas. Poor water resistance is one of the main drawbacks of the 
urea resin and limits its usefulness. 

The chemical resistance of these two classes of materials varies widely. 
The phenoplasts, being in essence weak acids, are attacked by alkalies 
to a small extent at low concentrations and at room temperature but 
very markedly under drastic conditions. They do, however, display 
good acid resistance, which leads to their popularity in industrial equip¬ 
ment used under acid conditions. The aminoplasts, on the other hand, 
being weak bases show just the reverse tendencies. They are strongly 
attacked by acids but they show good alkali resistance. This is especially 
true of the melamine resins. Thus the choice of the proper resin is of 
prime importance when acidic or basic conditions are to be encountered. 

In the preceding paragraphs, an attempt has been made to outline the 

more outstanding properties possessed by these condensation resins. For 

a more detailed study of these properties, the reader should consider other 
sources. 73,74 

Based on these principal properties, the uses to which the various 
resins are put are varied and numerous. It will be possible to consider 
these applications only in the broadest possible sense. 

Molding Materials.—The phenoplasts and aminoplasts find wide 

usage as molding materials, which are normally composed of equal parts 

of a resin component and a filler with minor additions of dyes and molding 

lubricants. They are processed to a granulated product that will flow 

under heat and pressure and harden into a cross-linked structure possess¬ 
ing the shape of the mold cavity. 

Pure resins are never used alone for molding purposes because of their 

costs, high degree of flow, and generally poor properties such as brittleness 
and low strengths. 

The properties inherent in the final molded object will then be a com¬ 
bination of the physical characteristics of the resins and fillers employed 
Several examples may be given to show the method by which the proper¬ 
ties of these combinations are utilized to produce an optimum product. 

Numerous noiseless cams and gears are required in our mechanized 
economy. While appearance is not a consideration, these parts must 
possess a high shear strength. This is obtained by the judicious com¬ 
bination of a phenolic resin and a macerated fabric which when molded 
has desirable strength characteristics. Obviously, all pieces do not 
require these same physical properties. Where this is time, cheaper and 

weaker fillers are employed such as tire cord, cotton flock, and wood flour 
or some of these in combinations. 

High-voltage electrical contacts must be surrounded by a fire-resistant 
insulating medium. Here, the best combination would include melamine 
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with its high arc resistance, flame resistance, and inherent insulating 
characteristics combined with a mineral filler such as mica or asbestos. 
In such usage in the electrical field, molded melamine resins are assuming 
an increasing importance because of their outstanding resistance to car¬ 
bonization when subject to arc discharge. This is a decided advantage 
in the design of certain aircraft ignition parts and in such electrical appli¬ 
cations as circuit breakers and terminal blocks. 

Aminoplasts find their principal use in molding compositions. In 
combination with alpha cellulose, a wide range of light-stable colored 
objects can be obtained. These color possibilities together with excellent 
surface hardness and heat resistance have given molded aminoplasts wide 
use in the fields of indirect-lighting fixtures, radio cabinets, tableware, 
food trays, and buttons. 

As with the aminoplasts, the bulk of the phenoplasts going into molded 
articles is of the general-purpose type. The general-purpose phenolic 
molding materials contain a wood-flour filler and are sold as black or 
brown materials. They find wide usage as closures, electrical outlets, 
instrument cases, buttons, buckles, and radio-tube bases. 

It is impossible to discuss all the applications in which these molded 
thermosetting resins are employed. Where cost is the predominant 
requirement, the general-purpose phenolic resins are usually employed. 
Where particular properties are required, the best resin and filler com¬ 
bination for the application are selected to meet the product specifications. 

Table III illustrates the range of properties that may be obtained 
when using these various resin and filler combinations. 

Laminates—Large volumes of the aminoplasts and phenoplasts are 
utilized in this phase of the fabricating industry. In laminates the fillers 
are sheet materials such as various grades of paper, cloth and glass 
fabrics, and occasionally metals and veneers. 

The bulk of the phenolic laminates find usage as small supporting 
parts and in processing industries. Thus pickling and electroplating 
baskets in the metallurgical industry utilize the chemical resistance and 
insulating properties of the phenolics. Coil forms as well as numerous 
other small electrical parts are made as are instrument housings. 

Melamine glass-fabric laminates are becoming popular component 
parts in the electrical industry. Other applications of the aminoplasts 
m the laminating field are dependent largely upon their surface hardness 
and color range. Large consuming items in this connection are table and 
counter tops. These frequently have phenolic bases with several surface 
sheets of an aminoplast. The urea resins have also found usage in the 
low-pressure laminating field for the preparation of structural parts. 

A specialized branch of the laminating industry utilizes these resins in 
surface sheeting for plywood. Thus utility grades of plywood are sur- 
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faced with paper impregnated with phenolic resin to obtain a harder 
. weather-resistant surface and to cover low-quality veneers. In the higher 
grade plyw'oods, veneers of mahogany or w r alnut are frequently surfaced 
with a transparent paper impregnated with a melamine resin to increase 
the surface hardness and protect the veneer. 

Surface Coatings.—The large volume of resin consumed by the paint 
industry is not always associated with the plastics industry. Both the 
aminoplasts and phenoplasts are important components in the higher 
class paints. 

Exterior grade varnishes contain as one of their chief components a 
resol type phenolic resin that is reacted with the drying oil during the 
varnish manufacture. This is the chief use for the para-substituted 
phenols which serve to confer oil solubility and color stability on the 
resol resins of this type. The phenolic component greatly enhances the 
weathering qualities of such varnishes. 

Straight phenolic baked coatings are also used in chemical equipment 
that must withstand chemical attack as well as many other metal parts 
exposed to corrosive substances. In a somewhat modified form, they 
also find usage for drum and can linings and for wire coatings where 

their electrical insulating properties are of value. 

The aminoplasts are used in conjunction with alkyd resins in baking 
enamels. The urea or melamine resin is etherified as previously described 
with an aliphatic alcohol, usually n-butanol, to make it soluble in hydro¬ 
carbon solvents and compatible with alkyds. About 10 to 25 per cent 
of the aminoplast resin to 90 to 75 per cent of the alkyd resin are the usual 
ratios. The aminoplast resins add hardness, wrnter resistance, durability, 
and heat resistance to such surface-coating compositions. Household 
appliances, metal furniture, and automobiles are large consumers of 

aminoplast coating resins. 

Adhesives.— The adhesive field in which the thermosetting condensa¬ 
tion products find application is rather large and ill defined. Numerous 
applications could be considered, but only a few of the more important 


will be mentioned. 

One of the largest fields that use synthetic adhesives is that of ply- 
woods. The phenolic resins are used almost exclusively in exterior grade 
plywoods where use is made of their high adhesion strengths and good 
water resistance combined with their low cost Both urea and melamine 
resins, as well as mixtures of the two, are used also as plywmod adhesives^ 
These adhesives are becoming increasingly important in furniture an 
decorative plywood where the vegetable and animal glues are being 
gradually replaced. A complete range of durability is possible, extending 
from the very highest obtained when melamine resin is used to tha 

obtained from highly Hour-extended urea resins. 
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In the general field of adhesives, the phenolic resins find many appli¬ 
cations. One of the largest consumers is the abrasive industry in which 
grinding wheels and sandpapers are frequently bonded with the pheno- 
plasts. The better grades of composition cork for gaskets and bottle 
caps are made from phenolics. The brake-lining industry also uses 
quantities of modified phenolics in binding asbestos for clutch facings 
and brake bands. A small volume of phenolic resin is used widely 
in conjunction with special rubber adhesives such as the Cycleweld 
process. 

Aminoplasts, particularly ureas because of their lower cost, are used 
in increasing amounts as adhesives for paper boards for cartons and 
inexpensive wallboards. Tha superior water resistance of urea resins 
results in a laminated paper of much greater durability than when vege¬ 
table glues or sodium silicate is used. Urea resins for this purpose are 
generally extended with several times their weight of wheat or rye flour 
to lower the cost while still maintaining sufficient durability. 

The addition of urea resin to wheat or rye flours produces adhesives 
of low cost which have durability superior to vegetable and animal glues. 

Castings. —As has been mentioned, the casting technique has found 

wide usage only in connection with the phenoplasts. It is normally a 

specialty business that has been built up to supply low-volume novelty 

items. The wide range of color possibilities and transparencies along 

with ease of fabrication has made it ideal for the costume-jewelry, novelty- 

knickknack, and decorative trades. The fantastic ornamentation of the 

well-known juke boxes was primarily cast phenolic resin. The large 

pieces needed for this application were easily obtained at relatively low 
mold cost. 

Industrial castings have advanced rapidly during recent years. Men¬ 
tion has been made of the use of cold-setting casting sirups by the metal 
fabricators in the casting of dies, jigs, and patterns. A casting type resin 
is now being utilized in the oil fields for the sealing off of subterranean 
sections of oil wells to prevent leaking of gas and water. 

. •—The ion-exchange resins serve the same indus¬ 

trial function as the zeolites in water treatment. Since the chemical 
reactivity is controlled by the selection of raw materials, they have a 
higher efficiency than the naturally occurring products. 

Textile Treating. Melamine and urea resins are used to treat textile 
fabrics to improve specific properties such as shrinkage, stiffness, and 
resistance to creasing. For this purpose, the fabric is usually passed 
t rough a solution of the resin followed by drying in an oven to remove 
the water and harden the resin. The resins used range from the initial 
condensation methylol compounds to relatively high molecular weight 
liquid resins of maximum degree of condensation. The amount applied 
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to the fabric may vary from 2 to 25 per cent of the fabric weight to obtain 
the widely varying effects desired. 

Paper Treating. —Aminoplast resins are used to produce paper of 
improved wet strength. The resin is applied either to the paper pulp at 
the beater before the sheet is formed or by dipping the paper in a resin 
solution. From 2 to 10 per cent by weight of resin is used, and hardening 
is effected by heat. The aminoplast resins improve both the dry and wet 
strengths of paper probably by effecting a certain amount of cross linking 
of the cellulose. This so-called “wet-strength” paper is used for packag¬ 
ing, maps, paper towels, and other such applications. 

General. — By no means have all the applications for thermosetting 
resinous compositions been cited. Those given are examples of typical 
large-volume applications. In addition, new applications are being added 
continually. The use of these materials as additives or components to 
modify other materials is one of the most widely expanding uses. The 
modification of paper, textiles, and wood to expand the usefulness of these 
older well-known products are examples of these modifying applications. 


BIBLIOGRAPHY 


56. Leeg, K.: Modern Plastics, 20, 65 (July, 1943). 

57. Anon: Modern Plastics, 22, 97 (November, 1944). 

58. Meharg, V.: Modern Plastics, 20, 87 (March, 1943). 

59. Meharg, V., and A. Mazzucchelli: Modern Plastics, 21, 108 (June, 1944). 

60. Witty, W.: Modern Plastics, 20, 83 (May, 1943). 

61. Godfrey, W., and P. Bilhuber: Modern Plastics, 21, 89 (September, 1943). 

62. Haslanger, R., and R. Mosher: Modern Plastics, 20, 76 (July, 1943). 

63. Hanson, N., and F. Wilson: (Tappi) Tech. Assoc. Papers, Ser. 27, 314 (1944). 


64. Juchli, E.: British patent 157,415 (1919). 

65. Norris, C.: Modern Plastics, 20, 73 (April, 1943). 

66. Rakas, N., and W. Cousino: Modern Plastics, 22, 133 (December, 1944). 

67. Novak, I.: U.S. patent 2,022,687 (1935). 

68. Sachs, C.: Modern Plastics, 21, 80 (July, 1944). 

69. Wilson, F., and N. Hanson: Modern Plastics, 20, 57 (August, 1943). 

70. Beach, W.: Modern Plastics, 21, 127 (January, 1944). 

71. Lougee, E.: Modern Plastics, 20, 69 (June, 1943). 

72 Carswell, T., and H. Nason: A.S.T.M. Symposium on Plastics, p. 22 (1944). 

73 “Technical Data on Plastic Materials,” Plastic Materials Manufacturer s Asso¬ 


ciation, 1943. XT v __i_ 

74. Plastics Catalogue (1945), pp. 52-104, Plastics Catalogue Corporation New York. 

75. A.S.T.M. Standards, Part III, American Society for Testing Materials. 



CHAPTER VII 


THERMOPLASTIC CELLULOSIC PLASTICS 

By W. E. Gloor 

Hercules Powder Company , Parlin, N. J. 


Thermoplastic materials are rigid at ordinary temperatures but may 
be softened to a plastic condition by the application of heat and brought 
back to a rigid state by cooling. This ability to -withstand repeated 
heating and cooling without losing essential properties gives all thermo¬ 
plastic materials an important industrial advantage; scraps produced in 
a given molding cycle can be collected and remolded without harm to the 
quality of the product. 

It is fitting to introduce the subject of thermoplastics with a descrip¬ 
tion of the cellulose plastics, since celluloid, the first modern plastic, is a 
member of the group; in the so-called rigid thermoplastics, the cellulosics 
rank first in the quantity used annually in the United States, as indicated 
by Table I. 


Table I.— Consumption of Rigid Thermoplastics in the United States, 1943 1 
Cellulose acetate: sheets, rods, tubes, molding powder 39,000,000 lb. 


Cellulose acetate butyrate: molding powder. 15,000,000 

Cellulose nitrate: sheet, rod, tubes. 13,765,000 

Ethyl cellulose: molding powder. 4,000,000 


Cellulose nitrate and cellulose acetate: film and foil. 10,000,000 


Total cellulosics. 81,765,000 lb. 

Polystyrene: molding powder (estimated). 14,000,000 

Polyvinyls: rigid (estimated). 10,000,000 

Polyacrylics. 32^000^000 


137,765,000 lb. 


Thermoplastic materials have a characteristic chemical structure 
which differs from that of the thermosetting plastics. All thermoplastics 
have been found to be essentially linear polymers in molecular structure— 
macromolecules of small height and width and great length. These long 
molecular chains are made up of many small similar units, j oined together 
by chemical bonds to form the long-chain molecules. Thus, poly¬ 
styrenes are described as comprising 250 to 2,000 styrene units; polyvinyl 
chlorides, 250 to 350 vinyl chloride units; and cellulose derivatives, 250 to 
500 anhydroglueose units in the polymer chain. 2 

The molding operation, viewed from a physical standpoint, 3 simply 
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consists in exposing the compound to a temperature at which its viscosity 
has been reduced to permit it to be formed at a practical pressure and 
then cooling it sufficiently so that it retains the impressed shape. This 
involves no profound chemical change such as is involved in a setting 
reaction, and no union of adjacent chemical chains occurs. 

NATURE OF CELLULOSE 

Cellulose, the structural material of the cell walls of all higher plants 
is a polymer produced by nature, and it is available in many forms. In a 
few plants (such as cotton, ramie, grasses like esparto, or wheat straw) 
and woods of certain tree species (such as pines, spruce, fir, and larch), 
the cellulose is found in such concentrated quantity and physical form 
as to make recovery of the material industrially feasible. The modern 
cellulose industries (pulp and paper, rayon, cellophane, explosives, lac¬ 
quer, film, and plastic) are founded on these natural sources. In this 
survey of cellulose plastics, it is not the intention to touch on the related 
fields such as rayon, cellophane, explosives, or lacquer, except to point 
out where some of the cellulose derivatives mentioned fit into them and 
where they may draw upon the same raw materials for production. 

The raw material, the natural high-polymer cellulose, for the com¬ 
mercial cellulosics comes largely from cotton or wood pulp. Figure 1 
details the molecular structure of cellulose material as now known. This 
formula for cellulose is founded upon the classic work of Emil Fischer in 
carbohydrate chemistry. Hydrolysis of cellulose with mineral acid 
yields glucose. Acetylation of cellulose with acetic anhydride and sul¬ 
furic acid under degrading conditions yields cellobiose octaacetate. 
Cellobiose is the dimer ot the six-membered ring configuration of /3- 
glucose; this six-membered ring, which is the recurring unit in the cellulose 
molecule, is more precisely named /3-glucopyranose. 4 Cellobiose fits the 
dimensions of the unit cell of cellulose, found by X-ray analysis, quite 
well. The relationships between any two molecules of /3-glucose, cello¬ 
biose, and cellulose are indicated by Fig. 1. Cellotriose, cellotetrose, and 
cellohexaose have been prepared by Zechmeister from cellulose, 6 thus 
proving, by the isolation of larger fragments of the chain, the essential 
correctness of this structure. For many years prior to this work, con¬ 
troversy existed as to whether cellulose was, in fact, a long chain of glucose 
molecules linked in /3-glucosidic combination, or whether it was one of 
several proposed nonlinear combinations of glucose molecules. If cellu¬ 
lose is the former, the terminal anhydroglucose unit at one end should 
have a hemiacetal group (unstable), while that at the other end should 
have an extra hydroxyl group. Complete methylation of the material, 
followed by hydrolysis, should then show a small amount of tetramethyl- 
glucose due to the complete methylation of the terminal group with four 
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values. Since most commercial materials are characterized by viscosity 
measurements, weight-average values are, therefore, the more commonly 
used in industry and are those given in this paper. The viscosity method 
has been calibrated with the ultracentrifuge by the careful work of Krae- 
mer and Lansing. 8 

In Table II are given Kraemer’s values obtained by the ultracentrifu¬ 
gal method 9 for cellulose and some cellulose derivatives; these are com¬ 
pared with data obtained by Staudinger for some natural celluloses. 10 It 


Table II.— Degree of Polymerization of Cellulose and Some Derivatives 


Material 

Molecular weight 9 

D.P. 9 

D.P. 10 

Native cotton. 

Cotton linters. 

570,000 + 

150,000-500,000 
100,000-160,000 

3,500 + 

1 ,000-3,000 
600-1,000 

2,020 

1,440 

Wood duIds. 




2,190-2,420 

Manila liemo . 

~ 


1,900 

Jute. 

Nitrocellulose (plastics type). 

Cellulose acetates. 

— 

1 

i 150,000 

45,000-100,000 

600 

175-360 

2,000 


will be noted that while the same order of magnitude of polymerization 
is given, the actual molecular weight of natural cellulose 4s still in doubt. 
However, the results with cellulose from different sources are so similar 
as to lend strong support to the view that all cellulose, no matter what the 
source, is essentially the same, and the old terms of “lignocellulose” and 
“pectocellulose” should be abandoned. Readers interested in more 
detail on the above topics are urged to read the thorough discussions by 

Purves in a recent treatise on the subject. 11 

Knowledge of the nature of cellulose on a larger scale than the molecu¬ 
lar one thus far described is also of interest for a better undei standing of 
the problems involved in the technology of making the cellulosic plastics. 
It is believed that cellulose, as it occurs in nature, consists of areas of 
crystalline material and adjacent amorphous material. X-ray studies 
indicate that, in the crystalline portions, the adjacent molecular chains 
are arranged in a definite structure, an elementary cell of which is illus¬ 
trated by Fig. 2. Chains may extend beyond this orderly arrangement 
into an amorphous region, beyond which one may again encounter 
crystalline regions. As illustrated by Fig. 3, this fringe micellar theory 
explains most of the known facts about cellulose, accounting for the rather 
long length of the individual chain molecules, 5,000 to 15,000 A., an 
yet it is not inconsistent with the observation that the length of the 
crystallized portions is usually at least 600 A. The smallest fibri ° 
which a ramie fiber can be sheared by pressing contains about 10,UUU 
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cellulose chains in such bundlelike organization. These fibrils, present in 
all types of cellulose, are laid down in nature in 
typical plant structures, such as the familiar 
spiral of the cotton fibrils around the lumen of 
the seed hair. 

While the chemical nature of cellulose, with 
three hydroxyl groups for each anhydroglucose 
unit, enables it to undergo the common reactions 
of alcohols, it is obvious that the complicated 
structures in the cellulose fibers necessitate differ¬ 
ent mechanical arrangements for carrying out 
such reactions than if liquid alcohols were involved. 

In the first place, the reaction is heterogeneous, 
occurring at the interface between the reacting 
liquid and fiber, and within the crystallites of the 
fringe micelles. While all cellulose reactions are 
classified as intramicellar, some may be permutoid 
in nature, in which the reagent penetrates all the 
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Fig. 2. 

Fig. 2.—The crystal unit cell of cellulose. 

if F ; IG V 3 *" 7 Ma ^- val ence chains going through more than one micella 
Mark, J . Phys. Chem., 44, 779 (1940).] 


Fig. 3. 


[Courtesy of H 


fibers and reacts upon them all at the same time; some are classed a micel¬ 
lar-heterogeneous, in which successive layers are reacted one after the other. 

modifications of cellulose used to make plastic materials 

. WMe cellulose m the textile, woodworking, and paper industries has 
important industrial properties, for plastics it is necessary to obtain 
different physical properties. Cellulose itself changes its strength greatly 
upon exposure to liquid water or humid air, has a melting point so high 
that it chars before it melts, and is soluble in only a few aqueous solutions 
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of inorganic salts, such as cuprammonium reagent and sodium xanthate. 
Modifications of these properties to the point required for a practical 
plastic material must be made. The preparation of derivatives of the 
cellulose by reacting the hydroxyl groups with suitable reagents offers an 
appropriate method, since the hydroxyl groups are largely responsible for 
water sensitivity and the crystalline attractions that result in such a high- 
melting range. 

Raw' materials for cellulose derivatives today are chemical celluloses, 
either the dissolving pulps used in rayon w r ork, or purified cotton linters. 
The latter are most often used for plastics work because of better proper¬ 
ties relating to transparency of the finished plastic article. Cotton linters 
are a by-product of cottonseed milling, comprising the fuzz fibers left on 
the seed after ginning. They must be removed from the seed before 
crushing it for the oil; this is done by means of saws treating the ginned 
seed. 12 The fibers are cooked in weak caustic, bleached, washed, dried, 


and baled for use. 

Three cellulose esters and an ether—cellulose acetate, cellulose ace¬ 
tate butyrate, cellulose nitrate, and ethyl cellulose—find considerable use 

in plastics. 

Cellulose Nitrate.—The nitrate ester of cellulose is the only ester of 
cellulose with an inorganic acid that is used in plastics. Formed by a 
permutoid-type reaction, the process consists of dipping dried purified 
cotton linters into a mechanically agitated dipping pot with a predeter¬ 


mined quantity of nitric-sulfuric mixed acid. The degree of nitration 
is regulated by the amount of water and nitric acid in the mix, as well as 
time of contact and temperature of nitration. The viscosity or chain 


length of the final product is also dependent upon the exact regulation of 
these last two factors. When the nitration reaction is complete, the 
charge in the pot is dropped into centrifugals on the floor below the dip¬ 
pers. These centrifuges are provided with solid outer walls to catch the 
excess acid which is centrifuged off the nitrated fibers and to return it to 
lines leading to spent acid tanks where the spent acid may be brought 
back to strength and reused. After the excess acid is removed, the 
wringer basket is stopped and a movable floor is lifted, permitting the 
charge to be forked into a drowning chamber below, where the charge is 
immersed in a large volume of water and carried as a slurry to the purifi¬ 


cation tubs. . , 

In purification, the sulfate esters, formed in small amount during the 

nitration reaction, are decomposed, the material is thoroughly blended 
and is washed practically free of acid. It is then taken through a dehy¬ 
drating operation, where the water is drained away and then displaced by 
ethanol which is forced through blocks of the material under pressure. 
In general, the same process is used whether the nitrated cellu ose is 
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intended for explosives, lacquer, or plastics use, the maj or difference being 
in the degree of nitration of the material. For plastics purposes, a 
material of a relatively low degree of nitration is made, having only 11 
per cent nitrogen corresponding to about two hydroxyls esterified in the 
three borne by the anhydroglucose units of the original cellulose. Thus, 
a product is obtained which is safe to handle, being much less inflammable 
than the more highly nitrated grades used for ballistic purposes. 

Nitrocellulose used for plastics purposes has a degree of polymeriza¬ 
tion of 500 to 600, meaning the long chains of the cellulose combine 500 to 
600 of the nitrated anhydroglucose units present in the original cellulose. 

As shown by Fig. 4, these units are not believed to be uniformly sub¬ 
stituted; some have all three hydroxyls esterified, some two, and some 
one. The distribution is random along the chain, and the type of 
hydroxyl esterified, primary or secondary, is governed by statistical laws 
as set forth by Spurlin 13 and verified experimentally by Purves. 14 
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Fig. 4. —Portion of the cellulose nitrate chain. 
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Other uses of nitrated cellulose are found in lacquers, in photographic 
and motion-picture films, and in explosives, both as propellants and in 
the blasting gelatins. Of the basic raw materials, cotton linters also find 
use as mattress and upholstery stuffing; the nitrating acid supply is 
affected by the availability of both sulfuric and nitric acids; the supply of 
the latter is restricted chiefly by the amount of synthetic ammonia 
available. 

Cellulose Acetate. —The cellulose organic acid ester most frequently 
used in plastics is the acetate, which requires a more complicated produc¬ 
tion process than the nitrate. In its production, dry cotton linters are 
pretreated with acetic acid and sometimes an additional small amount of 
sulfuric acid to swell the fibers slightly to permit uniform penetration by 
the reagents. The acetylation is carried out in a closed, jacketed, agi¬ 
tated vessel, made of corrosion-resistant material, in which the pretreated 
linters are mixed with an acetylating mix comprising acetic anhydride, a 
catalyst, and a solvent, usually acetic acid. The swollen fibers are first 
penetrated and then reacted by the acetylating reagents to form a heavy 
dope consisting of cellulose triacetate dissolved in the reagents. By con¬ 
trol of the temperature of the reaction, the viscosity of the product may 
be regulated. At the end of this phase of the reaction, the cellulose ester 
has all three hydroxyl groups in the anhydroglucose units esterified. To 
reduce the degree of acetylation to a commercially useful level, it is 
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necessary to add sufficient water and catalyst to the mix to decompose all 
the excess anhydride and, in addition, to make the dope sufficiently aque¬ 
ous to permit acid hydrolysis of the excess acetyl groups from the chains 
by careful heating for a period of several hours. When this is accom¬ 
plished, the catalyst in the mix is neutralized, and the mass is precipitated 
by the addition of a large excess of water. This material is then purified, 
dewatered, and dried for plastics use. 

Cellulose acetates used in plastics have a degree of polymerization of 
240 to 320 and combined acetic contents of 52.5 to 53.5 per cent (cor¬ 
responding to 2.2 to 2.35 hydroxyl groups acetylated for each anhydro- 
glucose unit) for the sheet, rod, tube, and some molding-powder types; 
while the more recent heat- and water-resistant types of molding powder 
are based upon cellulose acetates of 55.5 to 58 per cent combined acetic 
acid (corresponding to 2.5 to 2.7 acetyl groups for each anhydroglucose 
unit). The considerations of uniformity of acetylation mentioned for 
cellulose nitrate are also valid for cellulose acetate, as exemplified by 

Fig. 4. 

Other uses for cellulose acetate are found in the rayon field where the 
annual consumption of the cellulose ester in the United States is probably 
six times as great as in plastics, in making noninflammable film, especially 
for home-movie use, and in making foils and coating compositions. Of 
the raw materials, acetic anhydride finds another industrial use as a 
dehydrating agent for various organic reactions, in addition to its use in 
making other acetic esters. The efficient recovery of the dilute acetic 
acid produced in the course of the process is the key to its commercial 


success. 

The basic raw material for cellulose acetate is acetic acid, which may 
come from wood distillation or by synthesis from calcium carbide or 
petroleum cracking. Production of acetic anhydride from these basic 
raw materials goes through the reaction of acetic acid with ketene pro¬ 
duced by catalytic dehydration of the acetic acid. 

Cellulose Acetate Butyrate.—The production of the mixed ester, 
cellulose acetate butyratq, follows pretty much the same steps as those 
used in the manufacture of cellulose acetate, except that, in the acyla¬ 
tion, a mixture of butyric anhydride and acetic anhydride is used. The 
ratio of butyryl to acetyl in the final product is controlled by the ratio 
of these two reagents usfed in the dip. The material is first reacted to a 
triester stage, then hydrolyzed back to the desired degree. The material 
produced for plastic use has a degree of polymerization of about 300 ana 
an analvsis of about 13 per cent acetyl and 36 per cent butyryl, whick 
correspond to a substitution of about 0.9 acetyl and 1.8 butyryl groups 
for each anhydroglucose unit. 

Cellulose acetate butyrates of the lower butyryl content are usea 
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lacquers and photographic film. Availability of raw materials must take 
into account the same factors considered for cellulose acetate, plus the 
situation regarding butanol, which is the raw material for the manufac¬ 
ture of the butyric anhydride. Butanol, usually obtained by fermenta¬ 
tion of starch, is catalytically oxidized to butyric acid, which is converted 
to the anhydride by refluxing with acetic anhydride. Recovery of the 
spent acids from the process is complicated by the need of separating the 
two acids during the process. 

Ethyl Cellulose. —The etherification of cellulose requires a different 
kind of equipment than esterifications. Ethyl cellulose is made by first 
converting the cotton linters to alkali cellulose by means of strong caustic, 
in equipment much like that used for viscose processing. After the excess 
caustic is pressed out, the alkali cellulose is charged into an agitated, 
jacketed pressure vessel where ethyl chloride is added; the mass is then 
heated, and the reaction is carried out. Etherification is controlled by 
properly proportioning the caustic and ethyl chloride charged into the 
autoclave, while viscosity control is largely regulated in the handling of 
the alkali cellulose. A considerable excess of both caustic and ethyl 
chloride is required to get the desired product, and the economy of produc¬ 
tion is largely regulated by the proper recovery of these materials and 
the by-product solvents produced. The charge in the ethylator, at the 
end of the reaction, is a doughy mass, which is precipitated by boiling 
off the excess solvents, washing thoroughly with water for purification, 
and then drying the precipitated granules. 

Types of ethyl cellulose used in plastics range from 44.5 to 48 per cent 
ethoxyl, corresponding to substitutions from 2.3 to 2.5 for each anhydro- 
glucose unit. The chain length of the ethyl celluloses used for plastics 
may range from a degree of polymerization of 300 to 600. While the use 
of this material has become large only in the last two years, it appears 
that two distinct ranges.of ethoxyl will find use in plastics; those in the 
lower ranges are selected for general-purpose materials, while the higher 
ethylations are suited for specialty moldings where the solubility or elec¬ 
trical properties are of importance. 

Raw materials for ethyl cellulose, other than cellulose, come largely 
from the chlorine-alkali industry, which furnishes sodium hydroxide and 
chlorine in about the correct proportions to make the alkali cellulose and 
chlorine which is converted to the ethyl chloride required. 

While the large commercial use of cellulose derivatives in plastics is 
based upon the four materials mentioned thus far, three other materials 
may be of interest for special plastic uses in the future. All three are 
cellulose ethers (the benzyl, methyl, and sodium carboxymethyl ethers), 
and they follow the same general reaction scheme in their preparation as 
the ethyl ether, requiring the use of benzyl chloride, methyl chloride, and 
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chloroacetic acid, respectively, as the chlorinating reactant, with proper 
choice of reaction conditions. The benzyl ether, though low melting, is 
the most water-resistant of the materials, while the methyl and sodium 
carboxymethyl ethers are water-soluble, the former in cold water at 15°C., 
the latter in both -warm and cold water. Cellulose propionate has also 
been announced as a new plastic material. 

Physical Properties.—The physical properties of common cellulose 
derivatives used in plastics are shown in Table III. From this, it is readily 
seen how the insoluble, infusible, and moisture-sensitive cellulose has been 
modified by the esterification and etherification reactions. In general, 


Table III. —Physical Properties of Cellulose Derivatives Used in Plastics 



Nitro¬ 

cellulose 

Cellulose 

acetate 

Cellulose 

acetate 

butyrate 

Ethyl 

cellulose 

Form and color. 

White fibers 

White flakes 

White flakes 

White 

Specific gravity. 

Refractive index. 

(Ai: 

1.58 

1.514 

1 give colorless 1 
1.28-1.32 
1.47-1.48 

films when ca 
1.22 

1.47 

granules 

,st) 

1.14 

1.47 

Electrical properties (films 
0.002-0.003 in. thick): 
Specific surfaces resistivity, 
ohms . 

15 X 10 10 

20 X 10 12 

20 X 10 12 

Dielectric strength, volts 
per mil. 


1,400 

1,500 

1,500 

Dielectric constant, 25°C., 
60 cycles. 


5. 

4.5 

2.6 

Power factor, 25°C., 60 

cvcles. 


0.005 

0.004 

0.003 

Melting or softening point, 
deg. O. 

Decomp. 

180 

5-10 

1.0 

2.8 X 10- 4 

235-260 

180-190 

200-210 

Burning rate, in. per sec. 

Water vapor sorption (24 hr. 

at 80% R.H. and 21°C.), %. 
Permeability to water vapor, 
21 °C., g./(cm.) 2 /(0.01 cm.)/ 
(hr ) . 

1 .3 or less 

4.9 

8.4 X 10“ 4 

1 or less 

1.0 

6.2 X 10" 4 

1 or less 

1.0 

6.4 X 10~ 4 

Solubility in 

\cetone . 

S 

S 

S 

8 (hazy) 

TCthvl acetate. 

S 

Partly S to S 

s 

S 

Butyl acetate . 

S 

I 

s 

S 

Butyl Cellosolve. 

1:1 Toluene-ethanol. 

S 

I 

I 

I 

I 

s 

S (hazy) 

S 


S = soluble. 

I = insoluble. 




















THERMOPLASTIC CELLULOSIC PLASTICS 


105 


it has been found that, in the cellulose derivatives, the larger the sub¬ 
stituting groups and the more of them present, the lower the melting 
point is, the softer the product becomes, and the more soluble it is. 16 
Hence, with our present knowledge, it appears unlikely that improved 
cellulose derivatives will be made simply by reacting larger substituent 
groups -with cellulose. 

Cellulose as a Filler. —At this point it is well to mention that cellulose, 
not chemically modified, is an important ingredient of the thermosetting 
family of plastics, finding large usage in the form of wood flour, textile 
scraps, and woven textiles, as reinforcing fillers for both the phenolic- and 
urea-type materials. This use is based upon the ability of the resins to 
penetrate the interstices of the fiber before they are completely poly¬ 
merized and upon the high impact strength or shock resistance of the 
fiber itself. . For instance, five of the 12 grades listed in the A.S.T.M. 
specifications on phenolic plastics (molding compounds) are based upon 
cellulosic fillers, as well as all three of the urea-formaldehyde molding 
compounds and three of the four grades of melamine-formaldehyde mold¬ 
ing compounds. Wood flour from the mechanical-grinding process, 
cotton flock, rayon cord, and various textile weaves are used to reinforce 
these phenolic materials; the longer fibers and stronger weaves provide the 
greatest shock resistance. In the ureas, light colors are ensured through 
the use of a well-bleached alpha-cellulose fiber. In the laminated phe- 
nolics; 10 of the 12 A.S.T.M. grades are based upon cellulosic rein¬ 
forcement; 6 are made with various types of paper, and 4 with woven- 
fabric reinforcing. Cotton duck and finer woven broadcloth types are 
the principal fabrics used. 

PREPARATION OF PLASTIC MATERIALS FROM CELLULOSE DERIVATIVES 

Cellulose Nitrate Plastics. —Cellulose nitrate comes on the market in 
the form of sheets, rods, tubes, and film. The processes used today in the 
manufacture of these shapes do not differ in principle from those devised 
by Hyatt in his original process used in the 1870’s, although considerable 
mechanical refinement has been introduced. The equipment is heavy 
and expensive, and considerable labor must be expended upon each unit 
of material as it passes through the process, owing to the small batch 
sizes imposed by market demands for a great variety of colors, figures, 
and mottles. 

The flow sheet for the manufacture of cellulose nitrate plastic is 
given in Fig. 5. Nitrocellulose of the desired type is mixed with plastici¬ 
zer, solvent, and colors in a heavy jacketed steel mixer, usually having a 
corrosion-resistant liner (Fig. 6), and equipped with vacuum to draw off 
the excess solvent used in making the paste. These ingredients are 
charged' to give a batch of 400 to 500 lb. solids, blended to form a homo- 
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geneous mass with jacket temperatures of 100 to 150°F. When the mass 
becomes colloided, the excess solvent is drawn off into the vacuum and 
recovery system, the agitation is stopped, and the mass is discharged into 
buggies or carts which are wheeled to the pressroom. Here the mixer 
batch is portioned into smaller units which are strained under pressure 
through appropriate filter mediums to removed uncolloided matter. The 
filtered paste is next charged upon large rolls (Fig. 7), where the paste is 



Polished sheet 


Fig. 5 —Fl ow sheet for compounding of cellulose nitrate plastics. 

ground to complete the colloiding and to remove the desired amount of 
solvent, during which operation the paste is formed into slabs of sufficient 

thickness for baking or extrusion. 

For baking blocks, the slabs are cut to fit the size of the chase and 
piled up to a thickness of about 8 in. The chase is merely a steel box 
with cored top and bottom for circulating heating or cooling water. The 
base plate is usually scored sufficiently to provide anchorage for the fin¬ 
ished block, and it is also used to hold the block for subsequent planing 
of sheets from it. Baking is conducted for a period of several hours under 
hydraulic pressure and at a temperature, by hot water, of about 
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Then the mass is cooled for a corresponding period by circulating cold 
water through the cores. When the mass is solid, the sides and top of 
the chase are removed; the block, on its scored base, is mounted upon the 
bed of a special closed planer with a sharply honed knife mounted on 
the crosshead and extending the full width of the planer bed (Fig. 8). 
After each stroke, the knife is lowered a distance corresponding to the 
desired thickness of the finished sheet. Sheets of various colors may be 
restacked in the block in various ways, rebaked, and cut again to produce 
materials of an almost infinite variety of configurations and mottles 





Fig. 6.—Heavy-duty-jacketed mixer for initially compounding cellulose nitrate with plas¬ 
ticizer, colors, and pigments into a paste. (Monsanto Chemical Company). 


extending throughout the block, and then resheeted. After the desired 
design has been produced, or after one pressing in the case of solid colors 
or transparent sheeting, the sheets, which still hold about 10 to 15 per 
cent of solvent, are hung in seasoning ovens, where, at a low temperature 
(about 150°F.), they are seasoned to remove solvent down to the desired 
level. Sheets 0.010 to 1 in. thick can be produced in this way. On the 
thicker pieces, several months may be required to reduce the volatile 
content to a desirable low level. After seasoning, the sheet is planished 
by means of multiple-opening presses, upon each platen of which the 
lay-up comprises a cloth pad, a highly polished nickel plate, the sheet to 
be polished, another polishing plate, and a cloth pad. Several sheets, if 
they are thin, may be polished in each opening (Fig. 9). The press is 
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Fig. 


iuither colloiding of cellulose nitrate paste on compounding rolls. (Celanese 

Plastics Cor partition.) 



| i•; S.—Planer for slicing sheets from pressed block of eolloided cellulose nitrate. 

(Monsanto Chemical Company.) 
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closed, and low-pressure steam is introduced into the cored platens for 
sufficient time to bring the material to a polishing temperature. Then, 
with the pressure maintained, the platens are cooled, the press is parted, 
and the polished sheets are removed from the plates. The finished 
polished sheets are trimmed, inspected (Fig. 10), and usually wrapped 
individually in tissue paper before they are boxed for shipment. The 


standard area of such sheeting is 
Thin sheeting is used for blown 


1,000 sq. in.; the sheets are 20 by 50 in. 
toys and novelty items, as well as ord- 



Fig. 11.—Rods and tubes are formed by compressing the paste and forcing it through a 

die by means of an extruder. (Monsanto Chemical Company.) 


nance components, covering for wooden heels, sanitary seats, bus stan¬ 
chions, and such items. Thicker sheeting may be used for denture blanks, 
battery boxes, and similar articles. 

V ' # 

For rods and tubes, the paste from the filters is rolled and cut into 
small strips to be fed into the stuffer or extruder (Fig. 11). T his is 
merely a heavy jacketed cylinder, filled with a screw driven from one end 
(similar to a rubber extruder or meat grinder) which compacts the feed 
and forces it into a forming chamber and then through a forming orifice. 
From here it is conducted to a cooling table where it is cut into the 
desired lengths. Any shape, not exceeding in area the free space of the 
screw may be formed, but the operation of these machines is more of 

7 « * 
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an art than a science and requires experienced manipulation of the heat 
and feed rates to produce smooth rods of the more complicated cross 
sections. For round rods, a simple circular die is used; while for tubing, 
a concentric core piece is put into the die. t The outside dimension on 
these shapes is often controlled by grinding them on a centerless grinder 
with water as the lubricant. Rods up to 3 in. in diameter may be made 
on these machines; the length is usually limited to 6 ft. Rodding of 
complex cross section is usually used for novelty work, buttons, etc., as 
well as for tool handles; much of the tubing processed is consumed in 
fountain-pen and pencil barrels. 

Thin nitrocellulose film is usually made by casting a dope or heavy 
solution of the material on an endless belt moving slowly through a dry¬ 
ing tunnel, where the solvent is removed; at the end of this tunnel, the 
film is stripped from the belt or drum, dried further, and rolled up. 
Photographic film is the chief use of this form, for which the nitro¬ 
cellulose has a somewhat higher nitrogen content than that used for 
plastics. 

Plasticizers used for making nitrocellulose plastics are few; camphor 
is the most common, although camphor oil, o-nitrodiphenyl, and triacetin 
are also used. The action of camphor with a little solvent on nitro¬ 
cellulose is to give a mass that can be shaped at low heat and pressure, 
while camphor itself is thought to form a molecular complex with nitro¬ 
cellulose which gives the material more rigidity than if an ordinary high- 
boiling liquid solvent is used. It is also believed, as a result of many 
practical trials, that camphor is the best solvent for the material in 
extrusion work. The phosphate plasticizers, tricresyl and triphenyl, also 
find limited use in nitrocellulose plastic formulations. The solvent gen¬ 
erally is ethanol, although occasionally methanol, acetone, and ethyl 
acetate are substituted for part or all of the ethanol. 

Cellulose Acetate Plastics— The first forms of cellulose acetate 
plastic to come on the market were those made to provide materials more 
fire-resistant than the earlier nitrocellulose plastics; these were made by 
the processes generally in vogue for handling nitrocellulose plastics, as 
outlined by the flow sheet for solvent processes in Fig. 12. The introduc¬ 
tion of injection molding in the early 1930’s resulted in a demand for 
molding powder on a large scale, and this was first furnished by solvent 
processes as outlined in that figure. Although it costs a few cents more 
to produce a molding powder by this method, it is still used to a large 

extent where material of superior color is desired and smooth extrusion is • 
required. 

The large increase in the demand for molding powder required the 
production of large quantities 'without the extra delay involved in season¬ 
ing and without using solvent; therefore, the hot methods shown in Fig. 
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12 were developed. It was found that cellulose acetate particles, wet 
with solvent plasticizers, would colloid into a plastic mass rapidly when 
heated under pressure applied locally. A Banbury mixer or a hot roll, 
operating at temperatures in the neighborhood of 300°F., was found to 
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be suitable, producing well-colloided masses within reasonable times. 
To hasten the process, a cooler roll is used to sheet the hot mass from 
the Banbury mixer into slabs that may be granulated into moldable iorm 


at onre. 
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Films and foils laid down from cellulose acetate, 0.00088 to 0.010 in. 
thick, are usually made on the casting-wheel or endless-belt system 
described under nitrocellulose plastics. The thin webs are used as 
wrapping sheet and as electrical components such as condenser dielectrics, 
armature separator insulators in small motors, and spirally wound insu¬ 
lating tape for cable insulation. For these purposes, the water resistance 
and corrosion resistance of the films is particularly important, giving 
more constant circuit characteristics than if cotton textiles were used. 
Thicker films form the flexible backing for home-movie and X-ray film, 
where fire resistance is desired. Films or thin plastic sheets 0.010 to 
0.030 in. thick are made from sheet prepared by the extrusion process 
outlined in Fig. 12, which can turn out long rolls of material 50 in. wide. 
Such mateiials are useful in making transparent packaging, safety-glass 
inner layer, transparencies for sunshades, etc. Small commercial pro¬ 
duction of such sheeting by hot extrusion of molding powder through a 
slit orifice also is reported. 

The common plasticizers for cellulose acetate are listed in Table IV. 
It will be seen that these materials are all high-boiling organic com- 


Table I\. Plasticizers Used in Cellulose Acetate Plas 


ASTICS 


Material 


Boiling point, 
deg. C. 


Dimethyl phthalate. 285 

Diethyl phthalate. 295 

Methyl phthalyl ethyl glycolate. 189 (5 mm.) 

Triacetin. 259 

Tripropionin.177 (20 mm.) 

Triphenyl phosphate. 245 (11 mm.); 

(m.p., 54°C.) 

Di(methoxyethyl) phthalate. 250 (20 mm.) 


Chief uses 


Molding powders, sheeting 

Same, plus foil 

Molding powders, sheeting 

Same 

Same 

Molding powders, sheeting, 
film, and foil 
Molding powders 


pounds, selected for their solvent action upon cellulose acetate, their 
nonvolatility, and the physical properties that they impart to the plastic 
tor instance, for toughness and good flow, the phthalate and glycerol 
derivatives are selected; while for flame-retarding compositions, tri¬ 
phenyl phosphate is always an ingredient. Most plastic compositions 

contain several plasticizers blended with the cellulose acetate to obtain 
a balance of the desired properties. 

B ecause cellulose acetate is a lyophilic colloid, it is swollen and dis¬ 
persed by these materials at the injection temperature, while at the use- 

J . | |, ,, „ A ^ 1 ^^ J | 1 . . . . ^ mix remains 

compatible, and the plasticizers exert a toughening action upon the 

composition. There is no chemical reaction involved in the juxtaposi- 
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tion of plasticizer molecules and cellulose acetate chains, but some reason 

exists for believing that the molecules are held together by forces similar 
to those involved in hydration. 16,17 

Hence, it is seen that the availability of proper plasticizers is depend¬ 
ent upon the availability of phthalic anhydride, glycerol, and phenol 

These cellulose acetate plastics usually contain 18 to 38 per cent 
plasticizer. 

Solvents used in the preparation of cellulose acetate plastics are gen¬ 
erally acetone, methyl acetone, ethanol, and methyl ethyl ketone, all of 
which are large-volume products of the organic-chemicals industry. 
Use is also made of these materials in preparing cements to hold molded 
sections of these plastics together. 

Coloring cellulose acetate plastics is a rather secret business, with 
the manifold requirements of hues and opacities called for by the normal 
markets. In general, opacity is obtained by incorporating 0.5 to 2 per 
cent of pure titanium dioxide in the composition, and color through the 
use of spirit- or oil-soluble dyes, stable to the heat of molding. Trans¬ 
parent colors are obtained by using the soluble dyestuff alone, and 
“translucents” by the addition of only a few hundredths or tenths per 
cent of opacifier. The chief requirement of an opacifier is chemical 
inertness. A few lake colors such as madder and argyle greens, as well 
as colored pigments like Vandyke browns and cadmium yellows and 
reds, are also used. 

Cellulose Acetate Butyrate Plastics. —The mixed ester, cellulose 
acetate butyrate, being inherently softer than the cellulose acetates, is 
used largely in molding compounds and in special insulating tapes. Com¬ 
pounding with plasticizer to make molding- material is readily carried 
out by the hot or nonsolvent processes described in Fig. 12. Granulation 
is performed in the conventional rotary cutters, while the molding cubes 
in which this material is sometimes furnished may be prepared by slitting 
the roll sheets with a compound slitting machine. 

Plasticizers for this material are usually the higher alkyl phthalates 
such as dibutyl or diamyl, and dibutyl sebacate, triphenyl phosphate, 
and similar materials. Only 5 to 20 per cent plasticizer is required to 
produce compositions of commercial properties. The action of these 
plasticizers on the cellulose derivative is believed to be similar to that 
described for the cellulose acetates. Coloring problems also are handled 
in much the same manner as for the other organic cellulose esters. The 
use of solvents is not required, however, for the production of commercial 
molding powders made from the material. Flexible film used for wire 
insulation is cast by the same methods used for nitrate and acetate film. 
Cements, however, may be prepared by using acetone or acetate solvents 

for the molding materials. 
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Ethyl Cellulose Plastics. —For the ether, ethyl cellulose, a newcomer 
to cellulose plastics, molding powders and cast film are the only forms 
now available commercially, although some use has been made of sheets 
prepared by the skive-sheet method. Molding powders are usually pre¬ 
pared by the hot-roll method shown in the flow sheets of Fig 12, although 
some use also is made of the solvent method. 

While all the plasticizers familiar to the lacquer trade are compatible 
with ethyl cellulose, two distinct classes of plasticizers are used in plas¬ 
tics. One class, the high-boiling hydrocarbons, such as diamylnaph- 
thalene, mineral oils such as Nujol, and similar materials are .used in 
applications where good low-temperature resistance and excellent dielec¬ 
tric properties are required. The others may be classed as chemical 
plasticizers and include such materials as triphenyl phosphate, the mixed 
phosphates (phenyl-xenyl combinations), dibutyl phthalate, butyl 
and methyl cellosolve stearates. Intermediate in properties are the vege¬ 
table oils such as castor, hydrogenated castor, corn, and cottonseed. 
Another ingredient essential to a formula for good molding and outdoor 
weathering qualities is a stabilizer. Here, well-known antioxidants, such 
as diphenylamine, the benzyl ether of hydroquinone, menthyl phenol, and 
para-phenylphenol, find considerable use. Plasticizers for the flexible 
forms of ethyl cellulose plastic comprise 35 to 55 per cent of the composi¬ 
tion, while the more rigid forms contain anywhere from 2 to 23 per cent 
plasticizer. Stabilizers are used to the extent of perhaps 1 per cent. 

Coloring of ethyl cellulose plastic is still in an embryonic stage. The 
same principles apply as were laid down for cellulose acetate, but more 
care is required in the selection of stable dyestuffs and nonreactive pig¬ 
ments. Solvents for ethyl cellulose plastics include mixtures of aromatic 
hydrocarbons with alcohols, acetate esters, and some ketones. Ethyl 
cellulose film, cast by the usual methods, is available in thicknesses up 
to 0.020 in. and is used largely for drawn shapes. 
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CHAPTER VIII 

THERMOPLASTIC CELLULOSIC PLASTICS (i Continued) 

By Ralph H. Ball 

Assistant Technical Director , Celanese Corporation of America , Plastics Division , 

Newark , N. J. 

METHODS OF FABRICATION OF CELLULOSIC PLASTICS 

The cellulosic plastics are produced in the form of molding material, 
sheets, rods, tubes, foil, and film. Obviously the methods used to con¬ 
vert these different forms into finished industrial and consumer goods 
will vary, and will not be the same for molding material as for film or 
foil. Nevertheless, it is characteristic of all these forms of the cellulosic 
plastics that they can be fabricated into finished articles with ease and 
by a wide variety of methods. 1 ’ 3 

Fabrication methods for the cellulosics stem from certain of their 
basic chemical and physical properties. Because of their thermo- 
plasticity, they are readily adaptable to such operations as molding by 
the injection, compression, or extrusion processes, and also to forming, 
drawing, swaging, beading, etc. Their toughness and freedom from 
brittlepess permits all manner of machining operations to be done with 
ease. . Their solubility makes them adaptable to a variety of cementing 
techniques that supplement molding, forming, and machining in the 
manufacture of finished articles. 

The early history of injection molding in the United States is asso¬ 
ciated almost exclusively with cellulose acetate molding material. 
Today, the cellulosic plastics are still the backbone of the injection- and 
extrusion-molding industries, which consume the major portion of the 
production of cellulose acetate, cellulose acetate butyrate, and ethyl 
cellulose plastics. The reasons for the outstanding position of the 
cellulosics in injection and extrusion will be dealt with more fully in the 
section on Properties and Uses. However, it fs pertinent to point out 
here that the variety of formulations available in the cellulosics gives 
them an advantage over the resinous thermoplastics in both these mold¬ 
ing processes, since it permits the plastic compound to be “tailor-made” 
for the job in hand. 

The use of the cellulosics for compression molding has decreased 
steadily with the improvement in injection-molding techniques. 


118 


FUNDAMENTALS OF PLASTICS 


Although ethyl cellulose is not too amenable to compression molding, 
both cellulose acetate and cellulose acetate butyrate operate very suc¬ 
cessfully in this process and have enjoyed large-scale production, espe¬ 
cially in the bigger moldings such as steering wheels. However, as 
injection-molding machines with greater capacity and more power were 
developed, bringing the economies and advantages of this method into 
the range of large moldings, the volume of cellulosics fabricated by the 
compression method has diminished and will probably continue to do so. 

There is another group of fabricating methods for the cellulosics, 
based on their thermoplasticity, which does not involve so complete a 
softening and flow of the material as takes place in molding. Forming, 
swaging, beading, drawing, pleating, and blowing fall in this category, 
and they are all applicable to the cellulosics with great success. These 
methods involve less displacement of material than molding and, there¬ 
fore, require a blank with a thickness or shape approximating that of 
the finished article. These blanks may be cut from cellulosic sheets, 
rods, tubes, film, or extruded shapes. For example, a thick cellulose 
acetate sheet is formed into an aircraft cockpit enclosure by heating in 
an oven until limp and then stretching it over a cloth-covered wooden 
form. Cellulose nitrate buttons and toothbrush handles are given their 
final shape by heating blanks cut from rod or sheet material in hot water 
and then subjecting them to a short pressure in a cool mold. Index 
tabs are made by passing reels of cellulose acetate or pyroxylin film 
through hot dies which shape them. Container tops and bottoms are 
drawn from circular blanks or reels of film in heated dies, which stretch 
and form the flat film into dished or semicylindrical shapes. Many of 
these fabricating methods are very fast, such as the drawing of powder 
containers at a rate of more than GO a minute. Most of them require 

only light and relatively simple equipment. 

The cellulosic plastics are also readily fabricated by a wide variety 
of machining techniques. These may be applied to shaping of articles 
from the original sheet, rod, or tube or to further fabrication of cellulosic 
molded parts. Such operations as turning, drilling, reaming, tapping, 
routing, blanking, sawing, and milling are all practical and rapid. In 
general, the equipment and cutting speeds are similar to those used in 
machining wood and metal. The shape of the cutting tools should pro¬ 
vide for the fastest possible removal of the cuttings from the work to 
prevent overheating. In certain operations, the use of water or othei 
lubricant is desirable, and the rates of feed must be watched to prevent 
softening of the material and gumming of the tools. The general pre¬ 
caution to be kept in mind is that the cellulosics are thermoplastics; 
therefore, their temperature in machining must not be raised above then- 
softening point. This is not a serious limitation, as can be seen by the 



THERMOPLASTIC CELLULOSIC PLASTICS 


119 


fact that rapid automatic screw machine operations have been in use for 
years in the manufacture of pen and pencil parts and tool handles. 

There are various methods of finishing both machined and molded 
cellulosic parts. For small parts, and especially for the removal of flash 
from small moldings, tumbling is generally used. For larger parts, or 
where the shape is not suitable for tumbling, ashing and polishing on 
buffing wheels is the usual method of finishing. With certain machined 
parts, a finishing dip in solvent or lacquer is applied to give a high gloss. 
It should be kept in mind that cellulosic molded parts generally come 
from the mold with a surface that needs no further finishing. 

The ability of the cellulosic plastics to be cemented is a distinct 
advantage in the assembly of items comprising a number of plastic com¬ 
ponent parts or a combination of plastic and metal parts. Both bodied 
cements and straight solvent cements are used for this purpose and have 
been developed to a high degree to meet a wide variety of applications. 
With properly selected cements for the cellulosics, the plastic-to-plastic 
bond is as strong as the plastic itself. Adequate bond strength can also 
be developed between the cellulosics and various metals, paper, card¬ 
board, wood, and other plastics. The process can be made rapid enough 
to serve on continuous equipment, as, for example, in the lamination of 
cellulosic foil to paper or metal foil for the manufacture of multilayer 
protective wrapping material. Cementing techniques are applicable to 
the fabrication of all forms of the cellulosic plastics, from thin foil to 

heavy molded sections, and are an important supplement to the other 
methods of fabrication. 

In the early days of celluloid, the fact that it could be fabricated in 
small workshops with hand labor and simple equipment no doubt had 
much to do with its success as the first synthetic plastic. Ease of fabri¬ 
cation has remained a characteristic of the cellulosic plastic family as 
new members have been added to it, and this has certainly been a factor 
in the present widespread use of the cellulosics. 


. PROPERTIES AND USES OF CELLULOSIC PLASTICS 

Cellulosic plastics are used in a wide variety of forms, varying from 
thin foil to molding granules, and are supplied in a multitude of compo¬ 
sitions of varying physical properties. It is, therefore, impossible to 
present a concise table of standard physical data that will adequately 
describe the properties and utility of the cellulosic plastics. Such a 
method of presentation would be further handicapped by the imperfect 
state of our knowledge of the interpretation of physical data and by the 
tact that there are some important properties, such as toughness for 
which there is no acceptable physical test. 5 ' 12 For these reasons’ the 
discussion of the properties of cellulosic plastics in the following pages is 
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based on a technical study of the use of these plastics in relation to their 
physical properties, rather than on standard physical data. In so doing, 
comparisons will be drawn between the cellulosics and other well-known 
rigid plastics, and among the cellulosics themselves, in order to place 
them in their proper relation in the family of plastics. In these com¬ 
parisons, elastomers will be excluded and the discussion confined to rigid 
plastics, since this is the field that the cellulosics serve. 

The cellulosic plastics are manufactured in the form of molding mate¬ 
rial, sheets, rods, tubes, film, and foil. Each of these different forms 
calls for somewhat different physical properties in the plastic, with the 
result that not all the cellulosics are available in each of the above forms. 
For example, cellulose nitrate cannot be used as a molding material or a 
foil because of inflammability, and cellulose acetate butyrate is not 
attractive as a general utility sheet because of insufficient stiffness. For 
these reasons, as well as for convenience in arrangement, consideration 
of the properties and uses of the cellulosics will be subdivided into sections 
on molding material, sheets, rods and tubes, film and foil. 

Molding Materials. Comparison of Cellulosics with Other Plastics. 
Molding material presents a more complex picture than any of the other 
forms because of the variety of plastic products a\ailable. In the 
cellulosic field we have cellulose acetate, cellulose acetate butyrate, and 
ethyl cellulose, each in a large series of compounds of varying properties. 
In the thermoplastic resin family we are dealing with methyl methacrylate, 
polystyrene, vinvl copolymer, and vinylidene chloiide. In the theimo- 
setting resin group there are phenol-formaldehyde, uiea-foimaldehyde, 
and melamine-formaldehyde. Because of the breadth of this field, only 
the major points of similarity and difference will be dealt with in the 


discussion that follows. 

It can truly be said that the cellulosics are the backbone of the injec¬ 
tion- and extrusion-molding industry in this country. The technical 
reasons that account for this enviable position are summarized in the 


following paragraphs. 

In the first place, the cellulosics are the toughest of all plastics. . Ihis 
quality permits the molding of parts with sections much thinner than 
can be tolerated in other types of plastics. It is because of their tough¬ 
ness that cellulosic parts mil stand a great deal of abuse without failure. 
In comparing the toughness of cellulosics with other plastics, we are 
handicapped by the lack of a good measuring stick. 2 ’ 9 Neither tensile 
nor impact tests provide adequate figures for estimating the toughness o 
a plastic. It is a property that depends to some extent on the abi 1 y o 
the material to elongate and flex without permanent deformation bu 
other factors are also involved, and the problem of a test met o as 
not been solved. Since we are without figures for expressing toughness, 
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comparisons between the different materials will have to depend on prac¬ 
tical experience based on use. Vinyl copolymer probably comes nearest 
to equaling the cellulosics in toughness. Vinylidene chloride is in the 
same range as vinyl copolymer at normal temperature, but its brittle¬ 
ness at reduced temperatures must be kept in mind in its toughness 
rating. Methyl methacrylate is still lower down the toughness scale, 


and polystyrene and the thermosetting moldings 
are at the bottom. 

The unique toughness of the cellulosics is 
responsible for their use in many moldings where 
other plastics would provide much poorer ser¬ 
vice. Wartime uses illustrating this are am¬ 
munition rollers, containers for field first-aid 
kits, gas-mask lenses and valve cases, military 
flashlight cases and lenses, and instrument cases. 
Injection-molded pen and pencil barrels are also 
an application where toughness requires the use 
of cellulosics. Kitchen accessories, toothbrush 
handles, vacuum-cleaner parts, and telephone 
housings are all molded chiefly from cellulosic 
plastics because other plastics are not tough 
enough to serve these uses. 

A second factor responsible for the wide use 
of cellulosic molding compounds is the great 
variety of formulations available. 7 ’ 8 Special 
requirements in physical properties, special 
problems in mold design, and peculiar machine 





light. Molded of ethyl 
cellulose, this flashlight 
case will withstand both 
high and low atmospheric 
temperatures as well as ex¬ 
posure to moisture. (Cel- 
anese Plastics Corporation.) 


conditions can usually be met by proper selection Fig. —Military flash- 

of compound. This simplifies the problem of 3l se M 1t? s IshUgh! 
adapting the molding compound to the job and case wil1 withstand both 
results in a molding operation that runs smoothly 

and rapidly. None of the resinous plastics offer P° sur e to moisture. ( Cel- 
such a variety of compounds. A comparatively Plastics Corporation ^ 

wide selection is available in the phenolics, but most of the other resins 

are produced only in two or three variations. This frequently leads to 

difficulties m designing the job for the plastic, since the plastic cannot 
be changed to adapt it to the job. 

A third factor in the popularity of cellulosic molded parts is the range 
of colors available. Clear and colored transparents, mottles trans¬ 
ients, pastels, and opaque colors are all available in a complete range 
Only two of the resinous plastics, methyl methacrylate and polystyrene' 
have a better basic clarity and freedom from color than the cellulose 
derivatives. However, none of the resinous plastics can be produced 
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with the range of color effects available in cellulosic moldings. This is 
a particularly serious handicap in the case of the phenolic moldings, 
where the color range is limited and dull. Color has always been, and 
will probably continue to be, a very important factor in the use of plas¬ 
tics. The extensive use of cellulosic moldings in the costume-jewelry 
field is an obvious illustration of use based on color, and the almost 
exclusive use of cellulosics for automotive trim is a tribute to their color 
and maintenance of surface luster. 

It should always be remembered that none of our present plastics are 
perfect. In selecting a material for a part, both the strong points and 



F, g . *j.—T elephone housings. The telephone hell box is molded of cellulose acetate to 
provide lightness, resistance to impact, and a long-lasting finish. (The hand set is usually 
a phenolic plastic.; (Cdanese Plastics Corporation.) 


limitations must be examined in the light ol the requirements for the job. 

Cellulose plastics, like all others, have their limitations. 

The most important limitation to consider is the fact that the cellu- 
losics are thermoplastics. This is, of course, also an important advan¬ 
tage, since by virtue of it they can be injection and extrusion molded and, 
thus, compete in cost per part with lower priced compounds that must 
be compression molded. However, their thermoplasticity means that 
cellulosic molded parts cannot be used at temperatures above then- 
softening point. The same limitation, of course, applies to the resinous 
thermoplastics. Maximum temperatures permissible tor the use o 
cellulosic molded parts vary in general from 150 to 215°F. and follow e 
(low temperature of the molding compound rather closely. The 
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limits in general hold for the resinous thermoplastics, with the exception 

of vinylidene chloride, which has somewhat better heat resistance than 

%> ' 

the average cellulosic compound, and vinyl copolymer, which has lower 
heat resistance than most cellulosics. W here high temperature resistance 
is required, thermosetting plastics must be used, the phenol-formaldehyde 
plastics being outstanding in this respect, with melamine-formaldehyde 
a good second. 



.—.Automobile interior trim. Automobile inten 
, dash panels, knobs, escutcheons, and radio dial 
(Cclancse Plastics Corporation.) 
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A second limitation that must he kept in mind in using cellulosic 
moldings is susceptibility to moisture. Although (his varies in degree 
among the three cellulosic molding materials, as will he pointed out later 
h is a characteristic of all of them. This manifests itself in two ways.’ 
In the softer flowing compounds, it results in warpage of the molded part 
under humid conditions. In all cellulosic compounds, it results in some 
change in the dimensions of the part with variations in humidity. Warp¬ 
age can usually be overcome by proper selection of compound and can 
also be minimized by care in the design of the part. Modern molding 
equipment can handle the harder flowing compounds with ease and the 

ZflT Tr*,'"" U5Ually OVercolM Expansion an,I 

contraction noth humidity change in cellulosic parts is normally small 
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enough to present no obstacle in the majority of uses. It can usually 
be accommodated by making proper allowance in the design of the part. 
Where this cannot be done, the only recourse is to use one of the resinous 
plastics. All of them, with the exception of urea-formaldehyde, are 
superior to the cellulosics in moisture sensitivity. 

A third weakness in cellulosic plastics is lack of resistance to inorganic 
acids and alkalies. 10 Of the cellulosic molding materials, ethyl cellulose 
is much more resistant than cellulose acetate or acetate butyrate. None 
of them compare with the resinous plastics in this respect. It should be 
pointed out, however, that all the cellulosics are satisfactorily resistant 
to the milder organic acids, such as fruit, food, and body acids. 



Fig. 4.—This propeller protractor has nine major parts molded of cellulose acetate in agrade 
that is particularly resistant to dimensional change. (Celanese Plastics Corporation.) 


An additional point that merits discussion, and which frequently is of 
more importance than resistance to acids and alkalies, is resistance to 
solvents. Although it is impossible to generalize on such a subject, some 
rough comparisons may be ol value. Oi the cellulosic plastics, cellulose 
acetate is the most solvent resistant. It is not attacked by aliphatic 
hydrocarbons such as oils and gasoline, and its resistance to aiomatics 
and chlorinated hydrocarbons varies from good to fair, depending on the 
solubility of the plasticizer. Attack by chlorinated hydrocarbons and 
aromatics increases as we proceed through cellulose acetate propionate 
and cellulose acetate butyrate to ethyl cellulose. The latter has a broad 
range solubility, but is still not attacked by straight-chain hydro¬ 
carbons. Among the resinous plastics, the thermosets are unaffected by 
most solvents, being superior to all other plastics in this respect. Vinyli- 
dene chloride and vinyl copolymer are generally more resistant to solvents 



THERMOPLASTIC CELUJLOSIC PLASTICS 


125 


than the cellulose esters. Methyl methacrylate is somewhat similar to 
the cellulose esters, while polystyrene is more widely soluble and resembles 
ethyl cellulose in this respect. 

Molding Materials. Comparison of the Cellulosics among Them¬ 
selves.—While the comparisons made above between the cellulosics and 
the resins are valid for the cellulosic molding materials as a group, there 
are, nevertheless, individual differences in properties within the group 
which will influence the selection of compound for a particular job. A 
discussion of these differences may very well follow the listing of advan¬ 
tages and limitations used above. 

With respect to toughness, ethyl cellulose is outstanding among the 
cellulosic molding materials. 6,11 This holds at normal temperatures and 
is particularly evident at reduced temperatures. Cellulose acetate and 
acetate butyrate are nearly equal in toughness if proper adjustment is 
made in flow temperature. In general, the flow temperature of a cellulose 
acetate butyrate compound must be two to three steps softer than 
cellulose acetate to have the same toughness. Standardized designation 
/of plasticity and flow temperature are shown in Table I. For example, 
to equal the toughness of an H flow cellulose acetate, an MS cellulose 
acetate butyrate would need to be used. While this permits of lower 
molding temperatures, it will usually result in a lower heat-distortion 
point for the cellulose acetate butyrate molding. 


Table I.—Plasticity Designation's and Flow Temperatures* 
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of color variation. However, cellulose acetate has the best basic color 
and clarity and can, therefore, be converted into more delicate and 
brilliant colors. Cellulose acetate butyrate is a close second in this 
respect. Ethyl cellulose, because it is new, has the poorest color and 
clarity of the three, by a considerable margin. Nevertheless, we already 
have assurance from developments now in progress that the color and 
clarity of ethyl cellulose will be greatly improved and have every expec¬ 
tation that before long its color will be as good as the other cellulose 
derivatives. 

Cellulose acetate and acetate butyrate are approximately equal in the 
maximum service temperatures that they will withstand. It is too soon 
yet to say that ethyl cellulose will excel them in this respect, but it can be 
said that, in a compound of equal flow, ethyl cellulose will stand a higher 
temperature without distortion. 

There are also differences between these three cellulosics in moisture 
sensitivity. It is important to note that these differences cannot be pre¬ 
dicted from water-absorption data, especially where humidity warpage 
is involved. It is not the amount of water absorbed that matters, but 
the effect of this water on the molded part. 

The comparison in warpage between cellulose acetate and acetate 
butyrate in the harder flow ranges has approximately the same relation to 
flow as indicated in discussing toughness. To give the same resistance to 
warpage, a cellulose acetate molding compound must be two or three 
steps harder in flow than the corresponding cellulose acetate butyrate. 
For example, an H3 flow in acetate will equal an H flow in butyrate, or an 
H5 will equal an H2. Below MH flow in cellulose acetate, or MS flow 
in cellulose acetate butyrate, neither product has good resistance to 
humidity warpage. In this respect, ethyl cellulose moldings are superior 
to both these cellulose esters by a considerable margin. For example, 
ethyl cellulose parts in MS flow have successfully withstood wet heat 
exposures of 100 per cent humidity at 175°F., which will distort either 

H2 acetate butyrate or H5 cellulose acetate. 

The other manifestation of moisture sensitivity, viz., humidity expan¬ 
sion, also shows differences between these three cellulosics. The smallest 
dimensional change with humidity variation is found with ethyl cellulose, 
the greatest is with cellulose acetate, while cellulose acetate butyrate 
occupies an intermediate position. If these factors are appreciated by 
the designer of the plastic part, they can usually be allowed for and are 
no obstacle to the use of any of these plastics for most applications. 

In acid and alkali resistance, cellulose acetate and acetate butyrate 
are similar. Neither have satisfactory resistance to alkalies or mineral 
acids, although cellulose acetate butyrate will stand considerably longer 
exposure than cellulose acetate. Both mil perform satisfactorily m 
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contact with organic acids such as fruit acids. Ethyl cellulose, on the 
other hand, is a substantial improvement in this respect. Its alkali 
resistance is good, and it has better acid resistance than is generally 

credited to it. 

There are many other properties of lesser importance that might be 
brought out in comparing these three cellulosic molding materials among 
themselves and with the resinous molding compounds. However, the 
above are believed to be the principal factors that should be considered 
in selecting the proper type of plastic for a molding job. 

Cellulosic Sheets.—In turning to the consideration of sheets, it is 
found that the general physical property requirements differ sufficiently 
from those of molding materials to call for a different selection of plastics. 
Because sheet uses demand thinner sections than moldings, freedom from 
brittleness is of great importance, and stiffness becomes a major factor. 
The high thermal decomposition point necessitated by the molding 
process is also reduced. For these reasons, we find the selection of plas¬ 
tics materials for sheets confined to cellulose nitrate, cellulose acetate, 
vinyl copolymer, methyl methacrylate, and phenolic. Recently, poly¬ 
styrene sheets have been produced in a limited way for special applications. 

For years, cellulose nitrate was the outstanding sheet material, and 
it is still a very important one. It provides a combination of stiffness 
and freedom from brittleness that no plastic material, cellulosic or other¬ 
wise, has ever equaled. Its ability to remain flat with age, its resistance 
to moisture and acids, and the ease with which it can be fabricated are 
all strong points in its favor as a sheet material. Its limitations are well 
known, viz., inflammability, low heat-distortion point, and discoloration 
on outdoor exposure. The way in which cellulose nitrate sheet produc¬ 
tion has been maintained, in spite of these serious limitations, is the best 
evidence of the value of its outstanding properties. Its major uses 
include optical frames, shoe heel and seat covering, mathematical instru¬ 
ments, and butt- or spiral-welded tubing for fountain pens and pencils. 

The sheet that combines the strong points of cellulose nitrate without 
its disadvantages is cellulose acetate. 4 Burning rate and heat-distortion 
point of cellulose acetate sheets are entirely satisfactory for most uses, 
and their light stability is excellent. Toughness and freedom from 
brittleness are outstanding properties, although cellulose acetate does 
not quite equal cellulose nitrate in its optimum combination of stiffness 
with freedom from brittleness. Cellulose acetate sheets have greater 
expansion and contraction with humidity change than cellulose nitrate, 
and this must be allowed for in mounting sheets of large area, such as 
those used in aircraft glazing. Except for greater sensitivity to humidity, 
and slightly less stiffness or snap, cellulose acetate sheets duplicate the 
major advantages of cellulose nitrate, without the disadvantages of the 
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latter. Among the many uses of cellulose acetate sheets are aircraft 

glazing, machine guards, lampshades, playing cards, price tags, and 
transparent rigid containers. 

Eth\ 1 cellulose sheet stock made by the block-pressing method is not 
yet a commercial item. There is every indication, however, that there 
will be a demand for it and that it will be produced. The outstanding 



I k;, o. —Tran.'lureiit colorful lampshades are made of cellulose acetate sheet. (Celanesc 

Pladies Corporation.) 


properties expected in it are toughness, especially at low temperatures, 
and lack of humidity sensitivity over a wide temperature range. 

One point that should he emphasized in connection with the above 
review is the relation between processing method and colorability. 
Of all plastics, the cellulosics are the only ones that have been found 
amenable to the block-pressing and slicing method of manufacture. 
This method permits infinitely greater color variation than any other 
processing technique. The great variety of exact configurations, the 
duplication of marbles and precious stones that have made cellulose 
acetate and cellulase nitrate sheet products synonymous with beauty 
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in color can be produced only by the block-pressing method. This 
advantage, possessed only by the cellulosic family, should not be 
underestimated. 

In the resinous plastic group there are two thermoplastics available 
in sheet form, viz., methyl methacrylate and vinyl copolymer. In their 
properties they differ widely from one another and from the cellulosic 
plastics. They are both stiffer than any cellulosic sheet. They are 
also both more brittle than any cellulosic sheet, a limitation that is 
especially true of methyl methacrylate. Moreover, because of the 
methods used in their manufacture, their colorability is practically 
limited to plain colors. 

In addition to these thermoplastic sheets, there is one important 
thermoset sheet, viz., laminated phenolic. This sheet can be made only 
in black, brown, and other dark opaque colors and is much more brittle 
than any cellulosic sheet. It cannot be heat-formed and fabricated by 
. the easy means adaptable to thermoplastics. Nevertheless, it has wide¬ 
spread and important use, especially in industrial equipment, because 

of its form stability, its resistance to moisture and chemicals, and its 

• / 

ability to withstand high temperatures. 

Cellulosic Rods and Tubes.—In considering rods and tubes in the 
same way as we have sheets, the first point to note is that we have a 
wider selection of resinous plastics and a different selection of cellulosics. 

In the cellulosic rods and tubes, there is production in cellulose 

nitrate, acetate, and acetate butyrate, and in ethyl cellulose. The 

relationship between their properties follow those already outlined in 

the discussion of molding material and sheets. For combined toughness 

and rigidity, cellulose nitrate has no equal. Its hold on the tool-handle 

business is a good example of this. Next to cellulose nitrate in combining 

toughness with stiffness is cellulose acetate. Cellulose acetate butyrate 

is less stiff than cellulose acetate but is less affected by variation in 

humidity. For freedom from brittleness at low temperature, ethyl 
cellulose is again outstanding. 

There are three general processes for the production of cellulosic rod 
and tube which affect the color combinations that can be attained The 
block-pressing method, similar to that used for sheets, permits great 
variety and exact configuration of color. Only cellulose nitrate and 
cellulose acetate rods and tubes are now made by this method. The 
stuffing process produces solid colors and random mottles. Here 
again, only cellulose nitrate and cellulose acetate are made by this 
process. The dry extrusion process gives solid colors. Cellulose acetate 
cellulose acetate butyrate, and ethyl cellulose rods and tubes are made 
by dry extrusion. Therefore, if color is a factor, these processing varia. 
twns must be kept m mind in selecting rod and tube material. 
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Resinous plastic rods and tubes may be obtained in methyl meth¬ 
acrylate, polystyrene, vinyl copolymer, vinylidene chloride, and phenolic. 
Of these the phenolics are made by laminating, and the others by extru¬ 
sion. In dealing with sheets, a comparison has already been made 
between the cellulosic plastics and methyl methacrylate, vinyl copolymer, 
and phenolics. The same comparisons hold for rods and tubes, with 
the added comment that most of the vinyl copolymer and much of the 



ia. G.—The 


outstanding toughness of cellulosic plastics accounts for their use as tool 

handles. (Cclanese Plastics Corporation.) 


vinylidene chloride tubing has been of the plasticized or flexible type 

and could properly be called an elastomer. ■ 

Neither polystyrene nor vinylidene chloride were covered in the dis¬ 
cussion on sheets.' Roth appear to be specialty materials when it comes 
to rods and tubes. Polystyrene rod has been produced in small quantity, 
principals for special uses in the electrical field. Among the rigid p an¬ 
tics it is outstanding in its low power factor at high frequency. It also 
has high clarity and good color and excellent resistance to water, acids 
and alkalies. Its principal limitation is brittleness The chemical an 
water resistance of vinylidene chloride tubing has led to its use as ind 
trial pipe where its color limitations and brittleness at low temperatures 
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are not serious handicaps. The necessity for using special alloys in 
extruding it has also retarded its general application. 

Cellulosic Film.—The cellulosic plastics have the field of film practi¬ 
cally to themselves. All the cellulosics are produced in film form. If 
we exclude elastomers, the only resinous plastics made as film are vinyl 
chloride polymers or copolymers and a special polystyrene development. 
The major reason for the lack of film competition from the resinous 
plastics is that satisfactory film can be made only from the toughest 



I'iu. 7. Map covers of cellulosic film protect valuable maps from moisture and dirt. 

(Celanese Plastics Corporation.) 


plastic. Cellulosic Him uses, such as index tabs and pockets, military 

goggle lenses, map covers, powder containers for loading shells, washers 

and coil spacers for electrical insulation, demand this toughness and also 

frequently depend on the ease with which these films can be heat-formed 
into the required shape. 

In this field again, cellulose nitrate has maintained an outstanding 
position in spite of the handicaps of inflammability and discoloration 
under ultraviolet light. Most motion-picture film is still cellulose nitrate 
because nothing else can equal its projection life. However, to eliminate 
the hazard of storage and handling, X-ray and graphic-arts film, and 
most aero and similar military film, have been converted to cellulose 
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acetate, acetate propionate, and acetate butyrate. Where accurate 

measurements are required, as in topographic film, cellulose acetate 

piopionate and acetate butyrate are preferred to cellulose acetate since 
their dimensions change less with humidity. 

In photo film the relative stiffness of the film base is not too important 

since the gelatin coatings add a great deal to the stiffness. In nonphoto 

applications, however, rigidity of the film is essential, and here cellulose 

acetate is the outstanding noninflammable film, showing that the same 

stiffness relationships hold among the cellulose esters for both sheet and 
film. 

The position of ethyl cellulose film in this picture is not yet fully 

established. It excels all other film materials in freedom from brittleness 

at reduced temperature. It is also readily formed by heat and has good 

moisture resistance. There is, therefore, every reason to believe that it 
will find important uses as a film. 

Cellulosic Foil.—Foils may be defined generally as films with a thick¬ 
ness of less than 0.003 in. Their greatest volume of use has been as a 
packaging material, but the cellulosic foils have also made important 
contributions to electrical insulation both as wire wraps and as layer 
insulation in coils. They have also found wartime use laminated to 
other materials in multilayer wraps, where they have proved to be an 
efficient water and grease barrier. 

With the exception of Saran and polystyrene, the resinous foils are 
all elastomers. Saran foil is very recent and is creating interest because 
it is an excellent moisture-vapor barrier. Polystyrene foil is being pro¬ 
duced in small quantity for special electrical use. 

In the cellulosic field, the major production has been in cellulose 
acetate, with cellulose acetate butyrate also being made in some quantity. 
Both are approximately equal as a moisture-vapor barrier, and both are 
satisfactory, and vastly superior to regenerated cellulose foil, in main¬ 
taining dimensions with age and humidity change. Cellulose acetate 
butyrate* lias a greater elongation in tension than cellulose acetate, which 
is an advantage for some uses and a disadvantage for others. 

Ethyl cellulose foil has been made in small quantity. As a moisture- 
vapor barrier it falls in the same range as cellulose acetate and cellulose 
acetate butyrate. It is somewhat better in holding dimensions with age 
and humidity change. Its most interesting property, however, is its 
toughness, where it excels both the cellulose esters by a substantial 
margin. This should lead to important usefulness in the packaging 
field. 

Before concluding this discussion, it may be well to point out that in • 
making the comparisons and drawing the conclusions at least as much 
weight has been given to practical experience and performance in the 


THERMOPLASTIC CELLULOSIC PLASTICS 


133 


field as to physical test data. This has been done for two reasons. In 
the first place, we must admit that the interpretation of physical data 
has fallen away behind practical information on the utilization ot plas¬ 
tics. A great deal of fundamental study on the physics and engineering 
of plastics remains to be done before theory catches up to practice. In 
the second place, when all the various plastic forms are considered, and 
the different problems and requirements of each, the picture grows so 
complex that it is impossible to condense the information into any con¬ 
cise set of charts or tables that will properly summarize even the data 
presented here on the cellulosics. When it is considered that this data 
is in itself only a review, and leaves much detail untouched, the com¬ 
plexity of the problem becomes apparent. 

From the comparisons drawn in this discussion, we have seen that the 
cellulosic plastics occupy a large and important place in the field of rigid 
plastics. Their two chief limitations of temperature and humidity sensi¬ 
tivity are more than offset by their advantages. Their position of impor¬ 
tance is merited by their toughness, by the variety of formulations in 
which they are supplied, by the ease with which they can be manufac¬ 
tured into finished articles, and by the range of color effects that can be 
produced. These are all points in which the cellulosic plastics excel all 
other types of rigid plastics. 
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VINYL POLYMERS AND RELATED RESINS 

By Arthur M. Ross , Jr. 

Ross and Roberts, Inc., West Haven, Conn. 

The ability of carbon-carbon double bonds to add intermolecularly 
gives rise to a particularly interesting group of resins. The most impor¬ 
tant monomers that polymerize in this way are ethylene (1) and its mono- 
(2) and disubstitution (3) derivatives 


ch 2 = ch 2 

(1) 

CH 2 = CHX 

(2) 

ch, = cxy 

(3) 


The development of their polymerization products has contributed 
greatly to the ever-growing diversity of available plastic compositions. 
Since addition polymerization is a very general property of the double 
bond and a most important means of producing high polymers (whose 
great molecular size excludes ordinary stepwise methods of organic 
synthesis), we shall consider its mechanism in some detail, as well as 
the preparation, structure, properties, and processing of the more impor¬ 
tant thermoplastic resins so produced. 

The monomers related to ethylene that are most important for resin 

formation are summarized in Table I, where they are grouped into the 
three classes: ethylene, vinyl compounds (monosubstituted ethylenes), 
and vinylidene compounds (asymmetrical disubstituted ethjdenes). The 
structures of the three classes of polymer formed from these compounds 

are 

. . . - CH;- CH,- ch 2 - ch 2 - ch 2 - ch 2 - ch,- ch,- • • • W 

. . . - CH.. - CHX - CH, - CHX - CH, - CHX - CH, - CHX - CH 2 - CHX ' • • • (5) 

.. . - ch 2 - cxy - ch, - cxy - ch > - cxy - ch 2 - cxy - ch, - cxy - • • • (6) 

In almost all cases the chain units are oriented head-to-tail, as indicated 
in the above formulas.* In principle, any compound containing a 
carbon-carbon double bond is capable of forming polymers; but the 

* Exceptional are the a-chloroacrylate polymers of structure 

COOR Cl COOR Cl COOR Cl 

... -CH.-C - C- CH 2 - CHo- c - C-CH 2 -CH 2 -C - C- CHj* 

Cl COOR Cl COOR ci COOR 
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readiness to polymerize depends upon the nature of the groups adjacent 
to this bond. Ethylene, for example, polymerizes with difficulty and 
only under drastic conditions. The vinyl compounds polymerize readily, 
provided that the substituent group is polar (as in —Cl, —OCOCH 3 , 
etc.) or highly polarizable (as in —C 6 H 5 ), whereas nonpolar'derivatives 
(such as CH 3 CH=CH 2 ) polymerize with difficulty. Vinylidene com¬ 
pounds also undergo polymerization very readily, whereas their sym¬ 
metrical isomers (such as C1CH=CHC1) do not, and they are therefore 
not included in our listing. In general, it has not been found possible 

Table I.—Ethylene and Related Monomers of Importance in Resin Formation 


Ethylene 

H 

H 

A 



H 

H 


Vinyl compounds 

H 

1 

H 

1 



C = 

1 

H 

C 

1c 


Substituent (X) 

Monomers 

—Cl 

—OCOCH3 

—c 6 h 5 

( OH)* 

—NCi 2 H 8 
—CN 

—COOC 2 H 5 
—OC 2 H 5 

Vinyl chloride 

Vinyl acetate 

Vinyl benzene (styrene) 

(Vinyl alcohol) * 

N-vinyl carbazole 

Acrylonitrile 

Ethyl acrylate 

Vinyl ethyl ether 


Vinylidene compounds 



Substituents (X) 


-Cl 

-CH 3 

CHj 


Substituents (Y) 


Cl 

CH 3 

COOCH 3 


Monomers 


Vinylidene chloride 

Isobutylene 

Methyl methacrylate 


* Available only as polyvinyl alcohol. 
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to obtain polymers of high molecular weight from any of the monomer 

types excluded from the table. At present, the most important of the 
three types of resin are the vinyl polymers. 

METHODS OF SYNTHESIS 

1. Polyethylene.—Ethylene is a common constituent of natural gas 
and is obtainable in very large quantities from the gases that result from 
petroleum cracking. Its polymerization behavior has been studied over 
a long period, since the low-molecular-weight products of its self-combi¬ 
nation are liquid hydrocarbons of interest to the petroleum industry. 
Only recently have solid high polymers been produced. Their manu¬ 
facture requires subjecting ethylene to exceedingly high pressures (the 
first British patent calls for “at least 1,200 atm.”) at elevated tem¬ 
peratures (100 to 300°C.). A commonly used catalyst is oxygen in very 
small quantities. Since the high polymer is the densest of the possible 
reaction products, its formation is favored by the pressures employed. 
At normal pressures, a large variety of low-molec.ular-weight hydrocar¬ 
bons, aliphatic and aromatic, is produced by thermal polymerization 
(plus attendant decompositions). The average molecular weight of the 
tough, translucent , solid polyethylene now available is in the neighborhood 
of 30,000 to 40,000. The molded material is tough and in objects of 
small cross section quite flexible. Its relatively recent development and 
the necessity of wartime restrictions on its use have made polyethylene a 
less familiar commodity than it will be in the near future. 

2. Polyvinyl Chloride.—There are two major processes for the pro¬ 
duction of the monomeric vinyl chloride. It may be prepared from 
ethylene through ethylene dichloride by removal of the elements of HC1 
with alkali 

Cl- NaOH 

(a) CH ; =CH 2 -> CH-CI-CH 2 CI-► CH ;! =CHCI (7) 

or by catalytic addition of HC1 to acetylene 

HCl 

(b) CHiCH-► CH- = CHCI (8) 

Vinyl chloride is a gas at room temperature, with a boiling point of 

- 12.5°C. 

Vinyl chloride polymerizes much more readily than ethylene, the 
reaction being readily induced by heat, ultraviolet radiation, or peroxidic 
catalysts. Its polymerization on exposure to light was observed over 
one hundred years ago. One method for manufacturing polyvinyl 
chloride involves the emulsification under pressure of liquefied vinyl 
chloride in water containing an emulsifying agent and peroxidic catalyst, 
followed by a period of heating. A suspension of solid polymer in water 
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(latex) results. A second process consists in heating a solution of vinyl 
chloride in benzene (or other inert solvent) containing a peroxide catalyst, 
such as benzoyl peroxide. The polymer is precipitated from this solvent 
as a fine white powder as it is formed. The use of a “diluent” (water or 
solvent) in both of these methods is necessitated by the rapidity of the 
reaction and its considerable heat evolution (1300 cal. per mole of 
monomer converted), which in an undiluted system would produce 
uncontrollable temperature rises and a “runaway” reaction. The 
polymer available on the market today is an insoluble white powder of 
high softening point which cannot be melted without decomposition. 
The molecular weight is in the approximate range of 12,000 to 25,000. 
Because of processing difficulties, polyvinyl chloride is rarely molded 
without the inclusion of plasticizers and is most generally used in highly 
plasticized compositions that possess a distinctly rubberlike character, 
useful for covering wires and cables, coating fabrics, and forming into 
articles such as belts, shoe soles, and flexible sheeting. 

3. Polyvinyl Acetate.—Monomeric vinyl acetate is prepared by the 
addition of acetic acid to acetylene in the presence of a mercury salt 
catalyst: 

CHaCOOH 

CH = CH-> CH-. = CH - OCOCH 3 (9) 

(CHaCOO).Hg 

It is a liquid boiling at 72°C. Vinyl acetate polymerizes rapidly under 
the influence of light or peroxidic catalysts. Polyvinyl acetate is com¬ 
monly prepared in solution or emulsion to give products which, depending 
upon the intended application, have molecular weights ranging from 
5,000 to 20,000, available as low-melting resins or suspensions of these 
in water. Because of its low softening point and ready solubility, poly¬ 
vinyl acetate is not used in molded form, but is useful for adhesives 
and more especially for the preparation of derivatives (see Polyvinyl 
Alcohol and Derivatives below). An important use of monomeric 
vinyl acetate is in the preparation of the vinyl chloride-vinyl acetate 
copolymers. 

4. Vinyl Chloride-Vinyl Acetate Copolymers.—Mixtures of vinyl 
chloride and vinyl acetate may be polymerized by methods similar to 
those used for vinyl chloride alone and give rise to copolymers in which 
the two constituents are more or less randomly distributed along the 
polymeric chain. Commercial copolymers contain 8 to 15 per cent of 
vinyl acetate in the resin, the amount depending on the application. 
They resemble polyvinyl chloride but possess a lower softening point 
and are more readily processed. Those having the higher range of vinyl 
acetate content possess lower softening points and are used for molding 
solid objects; the copolymers with minimum vinyl acetate are used with 
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large amounts of plasticizer for flexible articles, and the plastics resemble 
plasticized polyvinyl chloride. 

5. Polyvinyl Alcohol and Derivatives—Polyvinyl acetate may be 
hydrolyzed, ordinarily in alcohol solution with acid catalysts, to produce 
progressive replacement of the acetate groups by hydroxyls. These are 
furnished as powders which cannot be melted without decomposition 
but which are soluble in water. When plasticized with hydrophilic 
liquids (such as glycerol), rubbery compositions result which are readily 
formed into molded or extruded shapes. 

In polyvinyl alcohol, two neighboring free hydroxyl groups may react 
with an aldehyde (in acidified alcoholic solution) to give a typical acetal 
grouping. 


- CH - CH,- CH - CH,- CH - CH 2 - CH - CH 2 - CH - 

I I I I I 


OH O O OCOCH 3 OH 

N / 


CH 

I 

R 



The two reactions (hydrolysis and acetalization) may be carried out 
simultaneously by adding aldehyde to the hydrolyzing solution. As is 
evident from the large number of variables involved, it is possible, by 
choosing the molecular weight of the starting polyvinyl acetate, the 
extent of hydrolysis, and the type and extent of acetalization, to produce 
a wide variety of polyvinyl acetals. The most common aldehydes used 
are formaldehyde (polyvinyl formal), acetaldehyde (polyvinyl acetal), 
and butyraldehyde (polyvinyl butyral). Although they may be used 
as molding resins, the polyvinyl acetals are most frequently employed as 
constituents of varnishes and magnet wire enamels (polyvinyl formal). 
Polyvinyl butyral in plasticized form is familiar as the interlayer in safety 
glass and, more recently, as a substitute for rubber on coated fabrics. 

6. Polyvinylidene Chloride.—Yinylidene chloride is made by the 
removal of IIC1 from trichloroethylene derived from ethylene 

Cl: Ca(OH): 

CH 2 = CH 2 -> CH ; CI - CHCI 2 -> CH, = CCI 2 (11) 

A liquid boiling at 31.7°C., it polymerizes even more readily than vinyl 
chloride and under similar influences. Like the latter it can be poly¬ 
merized in liquid form, in solution, or in emulsion, being precipitated 
from solution as it is formed. Molecular weights range from 10,000 to 
100,000. It is furnished as a white insoluble powder softening at 185 
to 200°C., about 25° below its decomposition temperature. Because of 
the proximity of its softening and decomposition temperatures, special 
methods are necessary in forming the resin. Most vinylidene chloride 

is used in the preparation of copolymers. 
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7. Vinylidene Chloride-Vinyl Chloride Copolymers—These are pre¬ 
pared by methods similar to those used for the separate monomers. 
Depending upon the proportions of each monomer used, a variety of 
products may be made, which range from hard insoluble solids to flexible 
soluble materials. Two classes of copolymer are available: those having 
vinylidene chloride as the major constituent resemble poly vinylidene 
chloride but have lower softening points, while those having major quan¬ 
tities of vinyl chloride resemble polyvinyl chloride but also have lower 
softening points. The range covered is, roughly, 115 to 175°C. This 

will be the subject of further discussion (see pages 159, 100). 

8. Polystyrene.—Although it may be isolated from coal-tar and gas- 
tar oils, the bulk of styrene made today is obtained by the reaction of 
ethylene and benzene (using a Friedel-Crafts type catalyst) followed by 
dehydrogenation of the resulting ethyl benzene: 





f > 

AlCli 

r N 

-H 2 

r 

k / 

+ ch 2 = ch 2 > 


ch 2 - ch 3 -> 

/ 


V/ 



CH = CH 2 


( 12 ) 



It is a liquid boiling at 146°C. Styrene polymerizes readily under the 
influence of heat with or without catalyst. Its thermal polymerization 
is sufficiently rapid to be practical for commercial use at temperatures 
below the boiling point. Available resins generally have molecular 

Ljl 

weights between 60,000 and 100,000. The material is usually furnished 
in granular form for molding, and objects made from it are hard and 
water-white. It can readily be distinguished from polymethyl metha¬ 
crylate and other clear resins by its distinctive metallic ring on being 
struck, a characteristic that depends in part upon its very high elastic 
modulus. 

9. Polymethyl Methacrylate.—Methyl methacrylate is prepared from 
acetone through its cyanhydrin by simultaneous alcoholysis and dehydra¬ 
tion of the latter under acid conditions: 


. OH CHjOH 

(CH 3 ) 2 CO + HCN -» (CH 3 ) 2 C x -» CH 2 = C - COOCH, (13) 

CN h 2 so. i 

CH 3 

It is sometimes copolymerized with other acrylic esters, particularly ethyl 
acrylate, made from ethylene chlorhydrin as follows: 

CH 2 - CH 2 NaCN CH 2 - CH 2 c 2 h 3 oh 

' ' -► ' ' -» CH 2 = CH- COO C 2 H 6 (14) 

OH Cl OH CN h 3 S04 

Polymerization is carried out either in the pure liquid state (as in making 
cast blocks for cutting sheets) or in solution, under the influence of 
peroxide catalysts and heat. The molecular weight of commercial sped- 
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mens is in the range of 75,000 to 100,000. The cast or molded plastic 
is a moderately hard solid of crystal clarity. It can be compression 
molded at 140 to 180°C. 

10. Polyvinyl Carbazole.—A-vinyl carbazole is prepared by the reac¬ 
tion of carbazole (from the anthracene fraction of coal tar) with acetylene 
under catalytic influence: 



+ HCs CH 




CH = CH 2 



It is a solid melting at 64°C. Polymerization proceeds under the influence 
of heat and peroxidic catalysts to give a resin of unusually high softening 
point. 




\An/\/ 


CH = CH 2 





- CH- CH 2 - 


n 



The use of polyvinyl carbazole as a molding powder has not been thor¬ 
oughly explored in this country, where it has only recently been made 
available. It requires temperatures as high as 240°C. for molding, but 
this may be lowered by the incorporation of plasticizers. 

11. Other Resins.—Acrylonitrile, from the dehydration of ethylene 
cyanhydrin, polymerizes to an extremely hard, insoluble resin of high 
melting point. This is not commonly used, but copolymers of acrylo¬ 
nitrile and butadiene are very valuable synthetic rubbers. Isobutylene, 

from petroleum cracking gases, polymerizes at extremely low temperatures 

in the presence of boron trifluoride to give a product of high molecular 
weight. Since it is highly elastic it will, like the butadiene-acrylo¬ 
nitrile rubbers, be discussed in another chapter. Polymers of the vmyl 
ethers (prepared from the corresponding alcohols and acetylene under 
pressure, using the sodium alkoxide as a catalyst) have not seen much 
application in this country, though they have been used in Germany. 
Depending on the alcohol employed, they range from rubbery materials 
to hard waxy solids. Many other vinyl compounds have been found to 
produce polymers, most of which are not at present important in the 
plastics industry. Examples are acrylic acid and some of its esters, 
methyl vinyl ketone, vinyl naphthalene, and the vinylidene compounds 
methacrylic acid, its higher esters, and methyl isoprdpenyl ketone, 
development of recent interest is the production of polydichlorostyrene. 
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Table II.-— Principal Trade Names of the Ethylene, Vinyl, and Vinylidene 

Type Resins 

Type Trade Name 

Polyethylene. Polythene 

Polyvinyl chloride. /Vinylite Q series 

(Geon 100 series 

Polyvinyl acetate. fGelva 

(Vinylite A 

Vinyl chloride-vinyl acetate copolymers. Vinylite V series 

Saran (various types) 

Vinylidene chloride polymers and copolymers ( Geon 200 series (minor 

amounts of vinyli¬ 
dene chloride) 

Polyvinyl formal. (Formvar 

(Saflex F 

Polyvmyl acetal. Alvar 

Butvar 
i Butacite 

Polyvinyl butyral. ^ Saflex, Saflex TS 

Vinylite X series 

Vynate 

{ Bakelite series 
Styron 
Loalin 
Lustron 

Polymethyl methacrylate. (Lucite 

P°l ly Ti? carbazole . PdeTtron 8 

Polydichlorostyrene. Styramic HT 

The various commercially available resins are listed in Table II 
according to their class and trade name. 

KINETICS OF POLYMERIZATION 

The study of reaction mechanism and of reaction kinetics has a 
peculiar importance in the chemistry of polymerization. This stems 
from the fact that reaction rates in this branch of synthesis actually have 
a controlling influence on the nature of the product quite apart from their 
practical importance in establishing the best means of production. As 
ive know, a resin comprises polymeric molecules whose chain lengths or 
molecular weights are not identical but are distributed over a range of 
values. In a general way, hardness, strength, elastic modulus, and 
softening point rise with increasing molecular weight, while plasticity 
and solubility simultaneously decrease. These quantities may, however 
differ in specimens having identical average chain lengths if their molec¬ 
ular-weight distribution is not identical. The production of a desired 
resin requires, therefore, the attainment and control of a particular 

dSti“ Weight and a definite type ° f molecular ' we ight 
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The peculiarity of polymerization that makes the average molecular 
weight of the product and the molecular-weight distribution dependent 
upon reaction rates is a necessary consequence of its “chain-reaction” 
character. 

In the formation of a polyester resin ( e.g ., from ethylene glycol and 
succinic acid), there occurs a series of normal consecutive reactions: 

HOCH 2 -CH 2 OH + HOOCCH 2 CH 2 COOH -» HOCH 2 CH 2 OCOCH 2 CH 2 COOH 

+ H 2 0 (17) 

HOCH 2 CH 2 OCOCH 2 CH 2 COOH + HOCH 2 CH 2 OH 

— HOCH 2 CH 2 OCOCH 2 CH 2 COOCH 2 CH 2 OH + H 2 0 (18) 

• • • -► HO(CH 2 CH 2 OCOCH 2 CH 2 COO) n H + H 2 0 • (19) 

which individually differ from the ordinary esterification 

CH 3 OH + CH 3 COOH — CH 3 COOCH 3 + H 2 0 ( 20 ) 

only in that they involve a single growing molecule, whose increasing 
size has 3, minor effect on the reaction rate. In a polymerization reac¬ 
tion, on the other hand, we deal with a series of related episodes con¬ 
stituting a so-called “chain,” whose culmination is the production of a 
polymeric molecule. The propagation of such a chain involves as many 
as five or six types of phenomenon. 

As in the chemistry of nonpolymeric materials, the physical chemist 
has taken advantage in an ingenious way of all types of changes that are 
externally measurable in order to estimate the rates at which chain 
polymerizations progress. The means used include the simple analytical 
methods of sampling, separating, and weighing the polymer produced 
at different stages of reaction; or by determining the change of unsatura¬ 
tion with time by titration with suitable reagents. Less direct methods 
include measurement of the change of density, refractive index, diamag¬ 
netic susceptibility, absorption spectrum, and viscosity with time. All 
these methods give, in the first instance at least, only the over-all rate 
of conversion of monomer to polymer. The discovery and disentangling 
of the separate phases of the polymerization reaction have required more 
laborious methods, including investigation of the molecular-weight dis¬ 
tribution of the product. 

The last ten years of investigation have brought forth the following 

general aspects of polymerization reactions: 

1. Initiation—The formation of a polymeric molecule commences 

with the creation of an “activated” monomer. Such an activated 
molecule may be simply a monomer molecule of abnormally high energy, 
a free radical, or a monomer-catalyst compound of high reactivity. It 
is the action of heat, radiation, or catalyst (the usual initiators of poly¬ 
merization) to produce such activation. We shall denote an ordinary 
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monomer by M and an activated monomer by M*. The reaction 
M —> M* (initiated by light or heat) or the reaction M + C —> M* 
(initiated by catalyst) are each characterized by a rate that we designate 
hi, the specific rate of the initiation reaction. In the simpler types of 
catalyzed polymerization, there is an ordinary bimolecular reaction, for 
which the initiation rate may be written 

Rate of initiation = kiC m C c (21) 

where C m and C c represent the concentrations of monomer and catalyst, 
respectively. 

2. Propagation.—After its formation, the activated monomer pro¬ 
ceeds to combine by addition with a second (ordinary) monomer mole¬ 
cule. The energy of the original activation is not thereby lost, but 
persists in the newly formed dimer, which may add a second monomer, 
forming an activated trimer, etc. This reaction series may be repre- 
sented by the equations 

(2) M* + M —> M * 

(3) M* + M —* M* 

( 22 ) 

(n) ML + M —» M„* 

A 

in which M„ denotes an activated “n-mer.” We shall refer to an acti¬ 
vated (growing) molecule as a “nucleus.” In most cases the nucleus is 
found to add monomer at a rate approximately, at least, independent of 
its size. This reaction may then be characterized by a single rate fc?, 
known as the specific rate of the propagation reaction. In the over-all 
sense, the propagation rate is proportional to the concentrations of 
nuclei and of monomers, and we may write 

Rate of propagation = k 2 C m *C m (23) 

3. Termination.—In every polymerization, there occurs a reaction 
that results in the termination of the growing chain by deactivation of 
the nucleus. This may take place in several ways: through side reac¬ 
tions of the nucleus (ring formation, etc.); by reaction with an inhibiting 
impurity; and by collision of two active nuclei with loss of activation. 
Each of these mechanisms leads to reactions that are each characterized 
by a specific rate k 3 for the termination reaction. For termination through 
collision of two nuclei, we have 

Rate of termination = k*C 2 * 

w tn 


( 24 ) 
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4. Chain Transfer—It has been discovered that a growing nucleus 

may, under appropriate collision conditions, lose its activation to a 
monomer molecule. That is, 

M* + M —* M„ + M* (25) 

This is a type of termination that tends to limit molecular weight but 

since it conserves the total number of nuclei, it does not affect the ’over- 
all rate of monomer consumption. 

5. Branching. —A type of reaction involving transfer of a hydrogen 
atom between two nuclei has been observed in many polymerization 
reactions, which results in branching of one of the growing chains. A 
possible mechanism is 

• • ■ - CH 2 - CHX- * + • • . - CH 2 - CHX- * 

1 * ( 26 ) 

* * • CH 2 “ CH 2 X + ... - CH 2 — CX N 

* 

This reaction conserves the number of nuclei and does not affect the 
over-all rate, but it produces a branched molecule 


CH 2 - CHX- CH 2 - CHX- 


• • 


- CH 2 - CHX - CH- - CX 


(27) 


CH 2 - CHX- CH 2 - CHX- 


and has, therefore, a pronounced effect on the properties of the product 
polymer. The reaction occurs very frequently and results in polymers 
of diminished solubility and anomalous plastic behavior. 

6 . Conclusions.—From the foregoing, we can draw several illu minat ing 
conclusions without elaborate analysis. It is evident, for example, that 
if the rate of initiation is as great as, or greater than, the rate of propaga¬ 
tion, no high polymer will be produced, but at most only dimers or 
trimers. For the initiation reaction will then consume all the monomer 
before grov'th of long chains can take place. This conclusion warns 
against the use of high catalyst concentrations v r hen high molecular 
w'eight is desired. We cannot divide up a given number of monomer 
molecules among a large number of nuclei without sacrifice of average 
molecular weight. In the photopolymerization of methyl methacrylate, 
nuclei are produced by radiation at a very high specific rate (fci k z ). 
However, since the termination reaction is very slow for this monomer, 
it is possible to introduce a small number of nuclei (by brief exposure) 
that will have long lives and lead eventually to a polymer of high average 
molecular weight. Similarly, in the peroxide-catalyzed polymerization 
of styrene, introduction of a small amount of catalyst produces a rela- 
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tively few but long-lived nuclei that give a high-molecular-weight 
product. 

An inhibitor may produce very rapid termination, so that k 3 exceeds 
k 2 . In this instance when appreciable amounts of inhibitor are present, 
no high polymer can be produced, since all chains are terminated before 
they have had time to grow. Acetaldehyde, a common impurity in raw 
vinyl acetate, produces a marked reduction in molecular weight even in 
trace quantities. On the other hand, the use of inhibitors is necessary 
in preserving monomers during storage or transportation. Copper salts, 
phenols, quinones, and nitro compounds may be used, the inhibitor being 
chosen so that it can be easily removed by distillation or washing; or it 


may be of a type that is consumed during the early stages of catalyzed 
polymerization and can therefore be used (in very minute quantities) 
without any specific removal process before use. Solvents, in general, 
act as chain terminators for almost all polymerizations, and in the com¬ 


mercial polymerization of vinyl acetate, use is made of them to give resins 
of various molecular weights. Some caution is necessary in the selec¬ 
tion of solvent, however. Thus, when styrene is polymerized in the 
“inert” solvent carbon tetrachloride, the resulting resin is found to have 
a high chlorine content, resulting from actual incorporation of —CC1 3 
units at the ends of chains. Methyl methacrylate appears not to be 
inhibited by polymerization in 50-50 methanol-water mixtures. 


If the specific rate of propagation is large compared with that of 

initiation, and if termination is relatively slow, we see that early in the 

reaction nuclei will grow rapidly to a large size until they are terminated. 

Therefore, during the earlier stages of the reaction, the average chain 

length of the polymerized fraction will remain approximately constant. 

In the latter stages of reaction, however, the nuclei being constantly 

created will compete with the propagation reaction for monomer and the 

average molecular weight should exhibit a decrease. This type of 

behavior is found in the thermal polymerization of styrene and other 
vinyl monomers. 


A quantitative calculation of the molecular-weight distributions to 
be expected from the mechanism outlined agrees rather satisfactorily 
with experiment, and the rate theory may be said to be on reasonably 
firm ground. In some instances (photopolymerization of acrylates and 
methacrylates in the vapor phase, in particular), it has been possible to 
measure the lifetimes of the active nuclei in a very direct way. 

We have so far neglected the influence of temperature on the rates of 
the various polymerization steps. In general, all these processes are 
speeded up by increasing temperature; but almost invariably initiation 
and termination rates rise more rapidly than does propagation rate 
Both of these operate to lower the average molecular weight of the 
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polymer. In addition, the branching reaction generally has a positive 
temperature coefficient, and higher polymerization temperatures lead to 
more highly branched polymers. 

When mixtures of monomers are polymerized, the reaction kinetics 
become very complex. Having two types of monomer (M and N) and 
two types of activated monomer (M* and N*), we see that propagation 
involves all the following reactions: 

• • • M* + M —> • • • MM* 

• • • M* + N —> • • • MN* 

• • • N* + M —» • • • NM* (28) 

• • • N* + N —> • • • NN* 

Not a great deal of quantitative research on the mechanism of copoly¬ 
merization has been published. There is, however, sufficient evidence 
to indicate that almost invariably one monomer enters the chain more 
rapidly than the other. As a result, the composition of the residual 
monomer mixture varies continually, and therefore the composition of 
the polymer changes with time of reaction. The resulting polymers are 
necessarily nonhomogeneous in chemical composition. They may be, 
nonetheless, true copolymers, and neither the vinyl chloride-vinyl acetate 
copolymers nor the vinylidene chloride-vinyl chloride copolymers can 
be fractionated so as to yield either pure homopolvmer. The over-all 
rates of polymerization cannot be calculated from the polymerization 
rates of the individual monomers. Thus, for example, vinylidene chloride 
and vinyl chloride polymerize at nearly identical rates under certain 
conditions, while over a wide range of compositions their mixtures are 
found to have only one-tenth of this polymerization rate. It is even 
more striking that mixtures of styrene and vinyl acetate yield pure 
polystyrene when polymerized, the vinyl acetate being completely 
inhibited. On the other hand, maleic anhydride, which does not poly¬ 
merize by itself, forms true copolymers with styrene. 

In summarizing, we should point out that the quantitative calculation 
of molecular-weight distribution from reaction rates is not a simple 
matter and that it is greatly complicated by the existence of chain transfer 
and branching. However, the theory gives us considerable insight into 
the reasons for molecular-weight distribution, the behavior of catalysts 
and inhibitors, and the effects of varying reaction temperature. 

STRUCTURE AND PROPERTIES OF THE RESINS 

1. Molecular Weight.—The most striking properties of the resins 
that we are now considering may be attributed to the fact that they are 
composed of large and linear molecules. In this category come the gross 
physical characteristics of nonvolatility, absence of a sharp melting point 
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(in the ordinary sense of liquefaction temperature), strength and tough¬ 
ness (lack of brittleness) at moderate temperatures, plasticity at elevated 
temperatures, and the property of forming solutions that are highly 
viscous even when dilute. These properties accord very well with our 
concept of intramolecular forces gathered from observation of molecules 
that are ordinary in size. The properties of a homologous series of 
paraffin hydrocarbons may, for example, be extrapolated to give us a 
preconception of polyethylene which (except for certain anomalies) is 
quite accurate. 

The extreme size of the linear high polymers that we are considering 
makes impossible the determination of molecular weights by the con¬ 
ventional methods of studying vapor pressure and freezing-point 
depression or boiling-point elevation in solutions, since these effects are 
too minute even in relatively concentrated solutions. A satisfactory 
method, uncommon in the chemistry of ordinary molecules, is the meas¬ 
urement of osmotic pressure of polymer solutions, techniques for which 
have been brought to a high state of refinement, but the measurements 
are not simple to make and require the use of exceedingly dilute solutions 
(0.05 per cent or less) to obtain accurate estimates of molecular weight. 
The ultracentrifuge presents a means of determining molecular weight 
by the analysis of sedimentation rates or sedimentation equilibriums, 
and it possesses the additional advantage of permitting a direct esti¬ 
mate of the molecular-weight distribution. By far the most commonly 
used method of molecular-weight determination has been the measure¬ 
ment of solution viscosities of the polymers, a technique valued for its 
simplicity rather than its accuracy. The theory of viscosity of polymer 
solutions is not too safely grounded and involves empirical methods that 
have not infrequently been misused, though they are capable of giving 
valuable results. An essential difference exists between the “averages” 
for molecular weights given by osmotic pressure and viscosity, the latter 
being a weight average that differs from the quantity (number average) 
that we use in visualizing the constitution of polymeric mixtures. Vis¬ 
cosity is a convenient number for characterizing polymers in a relative 
way, but we must be somewhat cautious in making use of the molecular 
weights reported for commercial polymers, which are generally so 
obtained. More recently, the theory of light-scattering by solutions of 
high polymers has been investigated, resulting in a simple and accurate 
technique for determination of the molecular weight. This method gives 
promise of clarifying many of the outstanding problems in the field 
The dependence of the intensity of the scattered light on angle is now 

being studied as a means of determining the shape of the dissolved 
particle. 

Because of the importance of molecular weight, it is necessary in 
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drawing conclusions from the comparison .of different polymers to have 
information relative to the chain length. It is impossible completely to 
characterize a resin without this value. For example, the polyvinyl 
acetate of commerce is widely used in adhesives and lacquers for which 
soft, soluble, low-molecular-weight resins are desired. It is possible, 
however, to prepare samples of polyvinyl acetate that are quite insoluble 
and instead of melting exhibit highly elastic properties above 70°C. 

2 . Structural Regularity.—Except in certain polymers of com¬ 
paratively low molecular weight, crystals are' not actually observable on 
microscopic examination. However, it is unmistakably indicated by 
X-ray diffraction measurements, discontinuities in the behavior of specific 
heat and volume with temperature, and the behavior of drawn fibers that 
high polymers frequently exhibit crystallinity, despite the absence of 
visible crystal boundaries. More accurately, we must think of a “crystal¬ 
lized” high-polymer specimen as a mass of tangled molecules in which 
certain regions of regular arrangement exist, these regions being known 
as crystallites. A single-chain molecule may pass through both random 
and regular regions of the material, and in this sense a single molecule 
may be both crystalline and amorphous (see Fig. 2, Chap. X). It 
seems evident that only polymers possessing a considerable degree of 
structural regularity can adapt themselves to a crystal lattice. In a 
more general way, we may say that even in the absence of crystallites 
the more regular polymeric structures should exhibit closer packing 
(higher density) and, hence, stronger intermolecular forces and less 
mobility (lower plasticity) than similar but more irregularly constituted 
macromolecules. In fibers, crystallinity plays a more critical role (see 
Chap. XII). 

As another aspect of structural regularity, we should include “branch¬ 
ing.” If branching (see page 144) is very frequent in a polymerization, 
the product will have a network (or, more accurately, treelike) structure 
resembling to some extent the cross linking of phenol-aldehydes or of 
vulcanized rubber. In such a case, we look for decreased plasticity and 
solubility. Polyvinyl chloride is believed to be rather highly branched, 
and its low solubility has been, in part, attributed to this.* These con¬ 
siderations make it evident that before drawing conclusions about the 
effects of chemical structure in a polymer it is necessary to have sufficient 
information about the size and geometry of its chains. 

Structural regularity is a reasonably good criterion for predicting the 
occurrence of crystallinity in polymers, but must be applied with some 


* Anomalous lack of plasticity and solubility in polystyrene preparations noticed 
during the earlier work on this polymer were discovered to be a result of the presence 
of divinyl benzene as an impurity. This inadvertent “copolymerization led to 
highly branched and cross-linked polymers (see Chap. XIII). 
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caution. Of the group that we are now considering, polyethylene and 
polyvinylidene chloride crystallize spontaneously on cooling, whereas 
polyvinyl chloride (perhaps in consequence of its tendency to be branched) 
crystallizes only when oriented into fibers. Polystyrene, methyl metha¬ 
crylate, and vinyl acetate are not crystalline because of their rather 
bulky side groups.* Polyvinyl alcohol may be oriented by warming and 
stretching, in which process it crystallizes. 

Copolymer resins, having a random structure with respect to their 
monomeric units, are essentially noncrystalline. The softening effect of 
copolymerizing vinyl chloride may be in part attributed to the elimi¬ 
nation of regularity. Crystallinity disappears completely, however, 
only when the vinyl chloride content becomes greater than 30 per cent 
by weight. 

3. Solubility.—If we bear in mind the possible influences of molecular 
weight and structural regularity, it is possible to deduce from their 
chemical structures at least an approximate notion of polymer properties. 
As in the field of small molecules, the old rule of thumb that “like dis¬ 
solves like ” holds with reasonable accuracy. Thus polar and polarizable 
solvents are the most effective for polar polymers, nonpolar solvents for 
nonpolar polymers. On this basis, one would select benzene as a solvent 
for polystyrene, acetone for methyl methacrylate, and water for polyinvyl 
alcohol with expected results. More detailed information on solubility 
(and solvent resistance) will be given later. It is of more interest at this 

point to consider the explanation for certain apparent anomalies in 
solubility behavior. 

The relatively low molecular weight of commercial polyethylene 
(30,000 to 40,000) would scarcely lead us to anticipate its remarkable 
insolubility in hydrocarbon solvents at room temperature. This 
behavior is readily explicable on the basis of its crystallinity and is 
paralleled by that of higher crystalline members of the ordinary aliphatic 
hydrocarbons, such as heptacontane. Like the latter, its solubility 
becomes marked at more elevated temperatures (60 to 80°C. for good 
solvents). For example, the solubility of polyethylene in toluene at 


* In this connection it is interesting to note that polyethylene succinate 

HO[- CH 2 CH 2 OCOCH 2 CH 2 COO- ]nH 


and similar straight-chain aliphatic polyesters are ordinarily microcrystalline solids 
whereas polyethylene phthalate ’ 
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and other phthalate polyesters are amorphous 


resins. 
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25°C. is of the order of 10~ 7 gram per liter (extrapolated), at 65°C. about 
10 grams per liter, and at 120°C. about 600 grams per liter. 

The enhanced solubility of copolymers of vinylidene chloride and 
vinyl chloride over that of either homopolymer illustrates the opposite 
effect; the “randomizing” of structure results in weakening intermolec- 
ular forces of cohesion and lessening resistance to the penetrating and dis¬ 
aggregating action of solvents. In one solvent the relative solubilities 
of polyvinyl chloride, polyvinylidene chloride, and a 50-50 copolymer are 
1, 4, and 92, respectively, in spite of the similarity in ultimate chemical 
structure of the three resins.* 

The above illustrations do not, unfortunately, exhaust the pitfalls 
into which apparently unusual polymer behavior may lead the unwary. 
A third example may illustrate this point. Highly hydrolyzed prepara¬ 
tions of polyvinyl alcohol have a negative temperature coefficient of 
solubility in water; they are actually precipitated when the temperature 
of a concentrated solution is raised. At one time, this was erroneously 
attributed to some conveniently conceived “colloidal” aspect of the 
solution. In truth, however, this behavior is quite typical of some of the 
lower aliphatic alcohols, butanol, for example, which similarly separates 
from concentrated water solution at elevated temperatures. The effect 
is in part a consequence of the exothermic nature of the dissolving 
process, a phenomenon common among lower alcohols. In connection 
with polyvinyl alcohol, it is interesting to note that as complete hydrolysis 
is approached it becomes increasingly insoluble in water, another example 
of the effect of structural regularity. Similar phenomena are found in 
the cellulose ester series of plastics (see Chap. VII). 

In practical applications, interest is frequently centered upon absorp¬ 
tion of the solvent by the resin rather than upon solubility of the resin 

♦ 

in the solvent. The two effects parallel each other rather closely. The 
most important solvent that resins are called upon to resist is water, 
and for this purpose the hydrocarbon resins, polyethylene and poly¬ 
styrene, are outstanding because of the absence of hydrophilic (polar) 
groups in their structures. In general of two resins, which are otherwise 
similar, the harder and more dense material is the more solvent resistant. 
This follows from the fact that absorption of solvent is accompanied by 
a volume increase that takes place against the elastic modulus of the 
substance in question. Polyvinylidene chloride is, for this reason, more 

water resistant than polyvinyl chloride. 

4. Chemical Reactivity— At sufficiently high temperatures, all 

organic compounds decompose, even in the absence of oxygen or other 

* Unquestionably the enhanced solubility and softness of these copolymers must 
be partly attributed to decreased average molecular weight. This applies also to the 
vinyl chloride-vinyl acetate copolymers. 
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reagents, as a result of the rupturing of chemical bonds by thermal 
energy. For most of the resins under consideration, the temperature at 
which decomposition becomes appreciable is well above that necessary 
for molding or other processing operations. Polyvinylidcne chloride 
and polyvinyl chloride are exceptions to this because of their relatively 
high softening points and their tendency to split off HC1. These diffi¬ 
culties are oyercome by the use of careful temperature control in process¬ 
ing or by plasticizers, if these are desirable, to lower the softening point.. 
This type of decomposition is accelerated by HC1 itself, so that the reac¬ 
tion is autocatalytic, an objectionable feature that is partly overcome by 
the use of stabilizing substances, especially lead salts, which combine 
with HCI as soon as it is evolved. Such stabilizers preserve the resin 
during process and subsequent exposure. They are of especial impor¬ 
tance in electrical applications where the presence of an ionic material 
such as hydi’ogen chloride is very deleterious to insultation-resistance 
and electrical-loss properties. This instability is not characteristic of 
the nuclear halogenated resins ( c.g ., polydichlorostyrene) which, like 
chlorobenzene, are very stable toward thermal decomposition. Exposure 
to intense sunlight promotes decomposition in many of the resins. Lead 
stabilizers limit discoloration from this cause in the alphatic chlorine- 
containing polymers. Darkening of polystyrene on exposure to sun¬ 
light has been greatly decreased by improved purity of the raw materials. 
The resistance to discoloration exhibited by methyl methacrylate makes 

this material particularly useful for the permanency of its light-trans- 
mission properties. 

The saturated nature of the polymeric chain of polyethylene and the 
polyvinyl and polyvinylidene resins makes them quite unsusceptible to 
atmospheric oxidation at ordinary temperatures and accounts for their 
excellent aging under ordinary conditions of exposure and their resistance 
to all but the most severe oxidizing reagents. All the resins are classed 
as slow burning except that those which contain chlorine are typically 
noninflammable. The property of not supporting combustion is a con¬ 
sequence of the evolution of hydrogen chloride liberated in thermal 
decomposition. 

Certain of the polymers under consideration are actually depoly- 
merized at high temperatures, and it is possible to obtain good yields 
of methyl methacrylate by destructive distillation of the polymer a 
useful method for scrap recovery. It is interesting to note that poly¬ 
styrene is frequently extruded at temperatures high enough to cause 
incipient depolymerization. 

Arc resistance is actually a thermal property of resins rather than an 
electrical property, the action of the spark used in testing being to decom¬ 
pose the polymer by intense local heating. The aliphatic chlorine-con- 
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taining resins have poor arc resistance, since they decompose to give an 
ionic product and leave a residual carbonized and conducting track 
Polystyrene and polymethyl methacrylate are depolymerized by the 
spark and cannot be called arc resistant. However, since the monomers 
which are the products of decomposition, volatilize as they are formed no 
carbonaceous track is left and the remaining insulation is not destroyed 

With reference to other types of chemical reactivity, we have already 
seen that advantage may be taken of ester hydrolysis (as in polyvinyl 
acetate) and of the reactivity of substituent hydroxyl groups (as in 
polyvinyl alcohol) for the preparation of derivatives. The ability of 
polyvinyl alcohol to combine with aldehydes may be made use of in 
insolubilizing coatings of this resin deposited from solution, as by after- 
treatment with glyoxal, dimethylol urea, or chromium compounds. 

5. Plasticity. The plasticity of a resin is a function of the tempera¬ 
ture, the intermolecular forces acting to hold the molecular chains 
together, and the chain geometry. We may group the various contribu¬ 
tions to plastic behavior as follows: 

Factors Increasing Plasticity Factors Decreasing Plasticity 

Low molecular weight High molecular weight 

Linearity Branching and cross linking 

Weak intermolecular forces Strong forces (polarity, etc.) 

Randomness Regularity (crystallinity) 

High temperature Low temperature 

All these aspects must be considered in examining the plasticity 
behavior of the thermoplastic resins, and it is not always easy to weight 
the various quantities involved. It may be well to point out one apparent 
paradox in the above grouping. This lies in the listing of “linearity” 
as a factor promoting plasticity and “regularity” or “crystallinity” as 
one acting against it. The two operate, however, in different temperature 
ranges as the following example illustrates. 

Polyethylene and polyvinylidene chloride are both crystalline mate¬ 
rials at room temperature and, as such, are quite unsusceptible to flow. 
They maintain considerable resistance to deformation with increasing 
temperature up to the transition temperature at which their crystallites 
melt. Above this temperature, they soften sharply and give melts that 
are quite fluid. In contrast, a highly branched but noncrystalline poly¬ 
styrene softens at comparatively low temperatures, but its change in 
consistency with temperature is rather gradual than sharp. At tempera¬ 
tures above their transition points, it is less plastic than the two other 
resins. 

For practical purposes, the use of plasticizers is frequently indicated, 
either to improve processibility or to produce a less brittle or more 
flexible product. Their use will be discussed in a later section. 
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6. Stress-strain Properties. —In many respects the stress-strain char¬ 
acteristics of resins parallel their plasticity behavior, the higher molecular 
weight, more polar, and more' crystalline materials possessing higher 
elastic moduli as a result of stronger intermolecular binding. The unusu¬ 
ally high elastic modulus of polystyrene is attributable to its high mole¬ 
cular weight and to interactions between the substituent benzene rings 
along the chain, these polarizable groups being very bulky in comparison 
with the substituents in the other polymers. 


It is difficult to draw any fundamental conclusions from the data on 
ultimate strength of plastics (with the exception of very completely 
oriented fibers), since breaking strength seems to depend upon flaws in 
the specimen. These flaws may be microscopic or “molecular” in 
nature. In any event, theoretical calculations of tensile strength from 
well-substantiated molecular quantities give results that are several 
times the highest strengths ever measured on plastic specimens. 

7. Electrical Properties—The direct-current resistivity (or insulation 

resistance) of all the polymers that we are considering should be immeas¬ 
urably high in the absence of conducting impurities, but these cannot 
always be avoided. In polymers that have been carefully washed to 
remove residual catalyst or dispersing agents (from preparation in 
emulsion), etc., the concentration of impurities may still be appreciable 
depending upon the chemical nature of the polymer. The occurrence of 
free HC1 m polyvinyl chloride has already been mentioned 

Apart from direct-current conductivity, the polymers differ among 
themselves in dielectric constant. This quantity, which measures the 
relative capacitance of identically shaped specimens, depends upon the 
dipolar character of the chain substituents. Of the chemical linkages 
wi which we are concerned, the carbon-hydrogen bond is significantly 
the lowest m dipolar character, so that the dielectric constants of poly- 

ctSr n °P arG l6SS than th ° Se ° f thG ° ther P 0l ^ s - which 

contain L Cl, C—0 linkages, and the like. 

, J he ***** °r electrical enei 'gy of a material in an alternating 

and d f T ^ m ° ti0n ° f dip ° lar linka S es in the moleculj 

d depends also upon the viscosity of the material (and thence the 

mperature) as well as the frequency of the alternating field. Because 
the relative absence of dipole character in their constitutions, poly¬ 
ethylene and polystyrene are outstandingly low in energy absorption (as 
measured by “power factor”), and their response is nearly indep nden 
of temperature and frequency. The behavior of polar polymers depends 

andmdmdual W u P on temperature and frequency (see 
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chloridtnl^ ymen ! “• In particular ’ the astern polyvinyl 

P asticizer has been very thoroughly investigated. For practical 
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purposes, resins are tested at temperatures and in frequency rangeB 
approximating service conditions. 


COMPOUNDING, PROCESSING, AND PROPERTIES OF THE PLASTICS 

In the foregoing sections we have discussed in a general way the prop¬ 
erties to be expected of pure polymers. Vinyl and related resins are 
however, customarily purchased as molding powders or shapes (sheet 
rod, and tube) ready for fabrication, and as such frequently contain 
additives of various types. 

In contrast to their great importance for the phenol-aldehyde and 
other thermosetting plastic compositions, fillers play only a secondary 
role in this group and are used only for opacity or stiffening. Pigments 
or dyes and mold lubricants may be used, similar to compounding prac¬ 
tice for other resins. Plasticizers are used to improve processibility 
and flexibility in certain cases. In particular, polyvinyl chloride and 
the copolymers that have only minor amounts of vinyl acetate or vinyli- 
dene chloride may be compounded with large proportions of plasticizers 
to yield very flexible and elastic compositions. Mixing of the plastic 
compositions may be carried out in Banbury mixers or on differential 
compounding rolls. 

1. Polyethylene. —Because of its important use as high-frequency 
insulation, most polyethylene so far produced has been used in pure form, 
except for the addition of a very small amount of antioxidant made neces¬ 
sary by the extreme sensitivity of high-frequency electrical properties 
to traces of oxidation. For other uses, however, polyethylene may be 
colored attractively by dyes and pigments, and, where necessary, plasti¬ 
cizers may be incorporated for improved processing. Flexible wire 


Table III.— Properties of Polyethylene Resins 

Specific gravity. 0-92 

Modulus of elasticity. ~15,000 p.s.i. 

Yield strength. 1,400-1,700 p.s.i. 

Ultimate tensile strength. 1,400-3,000 p.s.i. 

Ultimate elongation. 300-600% 

Stiffness in flexure.. . 13,000-12,000 p.s.i. 

Flexural strength. ~1,700 p.s.i. 

Impact strength (Izod, notched). >3 ft.-lb. per in. 

Brittle temperature 


< — 70°C. 


Heat-distortion temperature. ~122 F. 

Softening temperature. ~110 C. 

Volume shrinkage (115-25°C.). ~14% 

Water absorption (24 hr. at 25°C'.). 0.01% 

Resistivity. > 10“ ohm-cm. 

Dielectric constant, 60-10 8 cycles. ~2.3 

Power factor, 60-10® cycles. ~0.0003 

Dielectric strength 0^-in. specimen). 1,000 volts per mi 

Solubility: negligible below 50°C. in all organic solvents 
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insulation, rod, tubing, and filaments may be extruded. Foils, films, 
and cloth and paper coatings may be prepared by calendering, and other 
shapes may be made by compression and injection molding. Its crystal¬ 
line nature gives polyethylene an undesirably high shrinkage, and this 
must be overcome by special molding methods. Polyethylene is sus¬ 
ceptible to all kinds of fabricating techniques: it may be press-polished, 
embossed, blow-molded, swaged, drawn, heat-sealed, machined, and 
polished. A few outstanding properties are summarized in Table III, 
which gives approximate values for the various properties as found in the 
recent literature. 

Its excellent moisture resistance and electrical characteristics guar¬ 
antee a place for polyethylene in the field of flexible insulation. Its other 
uses have scarcely been explored as yet, but polyethylene will undoubt¬ 
edly have many applications in which its flexibility is required. 

2. Polyvinyl Chloride and Its Copolymers.—As we have indicated, the 
high softening point and tendency toward thermal decomposition of 
polyvinyl chloride make it unsuitable as a molding material except when 
plasticized. For this reason, its copolymers with vinyl acetate or vinyli- 
dene chloride in small proportions are almost invariably used in the 
preparation of rigid moldings. Molding powders based on the copolymers 
are available for compression and injection molding and extrusion in a 
wide variety of colors, transparent, translucent, and opaque. The 
dimensional stability of parts molded from these plastics is unusually 
good, and they exhibit the valuable characteristics of excellent moisture 
resistance and noninflammability as 'well as resistance to acids (except 
organic), alkalies (except ammonium hydroxide), and aliphatic hydro¬ 
carbons or alcohols. Some properties of these rigid plastics are sum¬ 
marized in Table IV. 

Polyvinyl chloride itself, and copolymers having very small amounts 
of vinyl acetate or vinylidene chloride, may be compounded with certain 
high-boiling liquids (such as tricresyl phosphate) in all proportions. 
Such compositions range, with increasing plasticizer content, from rigid 
solids to soft gels. In the neighborhood of 45 to 65 parts by weight of 
plasticizer to 100 parts of resin (the proportions depending on the resin 
and plasticizer used) the product is a tough rubberlike material, capable 
of being elongated under stress to four or five times its original length, 
from which deformation it recovers quite completely, though somewhat 
more slowly than rubber. 

Because of the high proportions in which they are used, polyvinyl 
chloride plasticizers have been very thoroughly investigated, and a large 
number are in common use. High-boiling esters containing an aromatic 
group are most frequently chosen, though high-boiling Aromatic hydro¬ 
carbons and chlorinated hydrocarbons or chlorinated aliphatic esters 
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may also be used. Plasticizers differ among themselves greatly in 
compatibility, and when this is insufficient they tend to exude from the 
plastic and to give inferior physical properties. It has been found that 
the vapor pressure of plasticizer from the plastics is identical with that 
of the pure plasticizer, so that it is possible to predict the rate at which 
plasticizer is lost at elevated temperatures. 

Table IV. —Properties of Rigid Vinyl Chloride Copolymer Plastics 


Specific gravity. 1.2-1.5 

Modulus of elasticity. 350,000-400,000 p.s.i. 

Tensile strength. 8,000-10,000 p.s.i. 

Ultimate elongation. ~ 2 % 

Flexural strength. 12,000-14,000 p.s.i. 

Impact strength (Izod, notched). 0.2-1.2 ft.-lb. per in. 

Heat-distoition temperature. 140-155°F. 

Molding temperature. 280-325°F. 

Mold shrinkage. 0.001 in. per in. 

Water absorption (24 hr. at 25°C.). 0.01-0.02% 

Resistivity. > 10 14 ohm-cm. 

Power factor 60, 10 3 , 10 6 cycles. ~0.008, 0.013, 0.014 

Dielectric constant 60, 10 3 , 10 6 cycles. ~3.3, 3.2, 3.1 

Dielectric strength (J^-in. specimen). 400-650 volts per mil 


Solubility: insoluble in alcohols, aliphatic hydrocarbons, animal and 
vegetable oils; soluble in ketones, esters, chlorinated hydrocarbons 

Tricresyl phosphate is the least volatile of the plasticizers now in use. 
The most striking difference exhibited by compositions containing various 
plasticizers is the temperature at which flexibility is lost, the so-called 
brittle point. Compositions similar in other properties may have brittle 
points varying from — 10°C. to less than — 60°C. ( + 14°F. to —76°F.). 
The factors involved in lowering of the brittle point are not well under¬ 
stood, and this property does not correlate with the freezing point of 
the plasticizer nor its compatibility. Typical plasticizers of good com¬ 
patibility are tricresyl phosphate and dioctyl phthalate; the brittle points 
of compositions containing these may be lowered by replacing them in 
part by dibenzyl sebacate or tetrahydrofurfuryl oleate. 

The inflammability of the plastics depends upon the plasticizer used, 
tricresyl phosphate giving the most flame-retardant compounds. Elec¬ 
trical properties depend to some extent upon the nature of the plasticizer 
and give plastics of differing thermal stabilities. 

Polyvinyl chloride and the copolymers, either in rigid or plasticized 
form require stabilizers to remove traces of HC1 formed by thermal 
decomposition. Litharge, lead carbonate, lead silicate, and calcium 
soaps are among the materials used. The use of fillers such as clay and 
carbon black common practice in the . compounding of plasticized 

polyvinyl chloride or copolymers. 
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These plastics are widely employed as wire insulation or tubing, using 
modified rubber extrusion machinery for processing. Flexible sheet or 
coated fabrics may be prepared on rubber calenders, and moldings may 
be made by the injection process. The toughness, noninflammability, 
chemical resistance, and satisfactory electrical properties of the plastics 
have earned them a unique position in the synthetic-rubber field. Some 
of their properties are listed in Table V. 

Table V.—Properties of Plasticized Vinyl Chloride and Copolymer Resins 


Specific gravity. 1.2 to 1.6 

Modulus of elasticity (initial). 5,000 to 7,000 p.s.i. 

Tensile strength. 1,500 to 3,200 p.s.i. 

Elongation. 200 to 400 % 

Brittleness temperature. —10 to — 60°C. 

Molding temperature. 300 to 375°F. 

Resistivity. 10 11 to 10 13 ohm-cm. 

Dielectric constant 60, 10 3 , 10 6 cycles. ~9.0, 7.5, 4.2 

Power factor 60, 10 3 , 10 6 cycles. ~0.08, 0.12, 0.10 

Dielectric strength. ~350 volts per mil 


Solubility: slightly soluble only in certain ketones and esters. However, 
solvents will extract plasticizer 

3. Polyvinyl Acetate.—Polyvinyl acetate is not used for molding in 
the ordinary sense (except as a binder for “plastic wood” or for highly 
loaded advertising novelties and the like), so that its compounding and 
processing is generally carried out with a view to other uses. For appli¬ 
cation as a cement, polyvinyl acetate may be dissolved in a large number 
of common solvents including methanol, ethanol, methyl and ethyl ace¬ 
tates, acetone, acetic acid, ethlene dichloride, benzene, and toluene. 
It is insoluble in water, higher alcohols, aliphatic hydrocarbons, and 
animal and vegetable oils. As a solid adhesive for heat-sealing applica¬ 
tions, polyvinyl acetate may be compounded with plasticizers (such as 
dibutyl phthalate and tricresyl phosphate) to lower the softening point. 
Such plasticizers also improve flexibility. The resins are used also in 
aqueous suspension. Applications other than as adhesives are in the 
fields of textile, felt, and straw sizing, paper coating, and in the manufac¬ 
ture of lacquers and metallic inks. Some properties are given in Table VI. 

Table VI.—Properties of Polyvinyl Acetate Resins 


Specific gravity. 119 

Tensile strength. 2,600 p.s.i.* 

Softening point. 45—125°C f 

Water absorption (24 hr. at 25°C.). 2 °/ * 

* Medium molecular weight, 
t Range of molecular weights. 


Concentration of solids in solvent cements range from 35 to 70 per 

cent by weight, and aqueous suspensions are available containing 55 per 
cent solids. 
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4. Polyvinyl Alcohol.—Polyvinyl alcohol is available in some 10 grades 
of differing molecular weight and solubility characteristics. Since the 
uncompounded resin decomposes before softening, it is necessary to add 
plasticizers, of which glycerol and some of the glycols are most commonly 
used. These are incorporated in an internal mixer of the sigma-blade 
type (sometimes using methanol to soften the resin) and subsequently 
masticating on differential compounding rolls. The usual mineral fillers 
and carbon blacks used in rubber compounding may be added for increas¬ 
ing hardness of the flexible and rather elastic compound of resin and 
plasticizer. It is possible by the addition of a thermosetting monomer, 
particularly dimethylol urea, to produce a compound that can be “cured,” 
but ordinarily the compound must be cooled in the mold. Molds similar 
to those used for rubber are generally employed. It is possible to extrude 
excellent tubing from the plasticized resin. Molded parts and tubing 
made from polyvinyl alcohol are desirable for their flexibility and excel¬ 
lent resistance to oils, fats, and almost all organic solvents. Their chief 
disadvantage is a susceptibility to moisture, but this does not preclude 
use in air at ordinary humidities. Water susceptibility may be improved 
by the use of dimethylol urea as above, if this is necessary. Electrical 
properties are necessarily poor. Polyvinyl alcohol is in wide use in 
aqueous solution for the treatment of papers or as an adhesive in pig¬ 
mented coatings, to improve wet strength, and to impart oil resistance. 
The addition of certain chromium salts, acids and alkalies, or dimethylol 
urea reduces water solubility of such coatings, and this effect may also 
be accomplished bj r treatment of the coating with aldehydes, such as 
glyoxal. Table VII lists some properties of polyvinyl alcohol. 

Table VII. —Properties of Polyvinyl Alcohol 


Specific gravity. 

Decomposition temperature. 200°C. 

Tensile strength*. 2,100-5,200 p.s.i. 

Elongation*. 445-215% 


Solubility: attacked only by water and lower mono- and polyhydric 
alcohols 

* Of typical plasticized compounds. 

# 

5. Polyvinyl Acetals.—Polyvinyl formal and polyvinyl acetal have 
not been used to a great extent as molding powders, but they are of 
considerable interest because of their inherent toughness. Polyvinyl 
formal is of particular value as the base of enamels for magnet wires, 
where in conjunction with phenolic substances (cresols, xylenols, etc.) 
they form films of unusual toughness and flexibility. Rigid polyvinyl 
butyral plastics have the toughness of the other polyvinyl acetals and, 
in addition, are very resistant to impact. The most important uses o 
polyvinyl butyral at present are for flexible compositions containing 
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large proportions of lacquer plasticizers (dibutyl phthalate, triethylene 
hexoate, etc.). As the interlayer in laminated safety glass, this type of 
composition is outstanding since it gives excellent adhesion, resists mois¬ 
ture penetration, is not darkened by sunlight, and remains flexible at 
low temperatures. A recent application in which plasticized polyvinyl 
butyral has given excellent service is in the coating of fabrics for military 
use. The development of compositions containing a thermosetting resin, 
which, in effect, vulcanizes the rubberlike polyvinyl butyral coating, has 
greatly enlarged the field for this resin. It is possible likewise to extrude 
tubing and to mold shapes of plasticized polyvinyl butyral. All these 
processes may be carried out on conventional rubber-working equipment. 
Some properties are given in Table VIII. 


Table VIII.— Properties of Polyvinyl Butyral Resins 



Rigid 

Plasticized 

Specific gravity. 

1.1-1.2 

1.05-1.1 

Modulus of elasticity, P.s.i. 

350,000-400,000 

4,000-8,500 

6-60 

Low 

Tensile strength, p.s.i. 

1,500-3,000 

250-300 

Elongation, % . 

Impact strength (Izod, notched), ft.-lb. per in . . 
Tear strength, p.s.i. 

0.9-1.2 

120 

Permanent set, 25—70°C., % . 


26 

Heat-distortion temperature, deg. F. 

115-140 

Brittle temperature, deg. C. 

-40 

Molding temperature, deg. F. 


280-340 

Water absorption (24 hr. at 25°C.), % . 

1.0-3.0 

1 2-2 2 

Resistivity, ohm-cm. 

> 10 14 

5 X 10 10 

5.6, 5.1, 3.9 

0.12, 0.06, 0.06 
360 

Dielectric constant 60, 10 3 , 10 6 cycles. 

3.6, 3.6, 3.3 

Power factor 60, 10 3 , 10 6 cycles. 

0.007, 0.008, 0.04 
420 

Dielectric strength, volts per mil. 


Solubility: attacked by lower alcohols, esters, ketones, arsmatic hydrocarbons; resists 
aliphatic hydrocarbons, animal and vegetable oils 


6. Polyvinylidene Chloride. —Polyvinylidene chloride copolymer mold¬ 
ing powders are furnished by the manufacturer compounded with the 
stabilizers necessary in all the chlorine-containing resins, dyes, pigments, 
plasticizers, and stabilizers. These powders may be compression or 
injection molded by modifications of the usual techniques. Since iron 
and copper alloys accelerate the thermal decomposition of the vinylidene 
chloride copolymers, it is necessary to avoid their use in heated parts 
of extrusion or injection apparatus, substituting for them Stellite, nickel, 
or certain other metals. Injection molds, on the other hand can be made 
of ordinary steel, since the decomposition effect is important only above 
260°F. The crystallization phenomenon that these resins undergo on 
cooling introduces some interesting modifications into the technique of 
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manufacture of plastic parts. Since the crystallization rate is extremely 
low at room temperature, it is possible by rapid cooling to mold parts 
that are soft and require further heat-treatment. More frequently 
however, the injection molds are held at the temperature corresponding 
to the most rapid crystallization rate (70 to 95°C). Since at this tempera¬ 
ture the molding hardens in a matter of seconds, it is possible to eject it 
without danger of distortion. It is interesting to note that, although 
polyvinylidene chloride itself has a very high softening point, the copoly¬ 
mer powder may be injection molded at 300 to 350°F., a temperature 
lower than that required for most other thermoplastics. 

Extrusion forming presents the additional possibility of orienting 
filaments of the resin as they emerge from the extrusion die by the use of 
a pair of take-up capstans traveling at different speeds. The elongation 
thus produced may be as great as fourfold and the tensile strengths of 
such oriented filaments may be as high as 60,000 p.s.i., a magnitude 
possible only in highly oriented fibers. 

Polyvinylidene chloride-copolymer resins are valued for their excel¬ 
lent resistance to moisture and to almost all inorganic chemicals and 
organic solvents. Tubing and pipe up to 2-in. standard pipe size are 
available, the latter capable of being threaded with ordinary pipe tools 
and readily welded by simple heating and butting together of the joint. 
Ropes and tapes have found considerable application. Films prepared 
by special techniques have great strength, flexibility, and remarkable 
resistance to moisture transmission, making them very valuable for 
moisture-proof packaging applications. The noninflammability, dimen¬ 
sional stability, and good electrical properties of the vinylidene chloride 
resins guarantees them an important position in the plastics field. Table 
IX summarizes some of the properties of these materials. 


Table IX.—Properties of Vinylidene Chloride and Copolymer Resins 

Specific gravity. 1.68-1.75 

Modulus of elasticity. 70,000-200,000 p.s.i. 

Tensile strength. 4,000-8,000 p.s.i. 

Elongation. 10-40% 

Flexural strength. 15,000-17,000 p.s.i. 

Impact strength (Izod, notched). 2.-8. ft.-lb. per in. 

Heat-distortion temperature. 150-180°F. 

Molding temperature. 220-400°F. 

Molding shrinkage. 0.004-0.012 in. per in. 

Water absorption. <0.1% 

Resistivity. 10 14 —10 16 ohm-cm. 

Dielectric constant 60, 10 6 cycles. 3.-5. 

Power factor 60, 10 3 , 10° cycles. '•*'0.05, 0.09, 0.05 

Dielectric strength. 400 volts per mil 

Solubility: attacked by only a few solvents, mainly chlorinated hydro¬ 
carbons 














VINYL POLYMERS AND RELATED RESINS 


161 


7. Polystyrene. —Polystyrene is generally used in the uncompounded 
form except for the possible addition of dyes for decorative applications. 
These may be added to the resin on the compounding rolls at elevated 
temperatures. It is most commonly injection molded at high tempera¬ 
tures (300° to 500°F.) with negligible decomposition. Recently, films 
of considerable flexibility have been marketed. Polystyrene is widely 
used for its electrical properties, which are similar to those of fused 
quartz in having a low power factor nearly independent of frequency. 
Its resistance to acids and alkalies have made it useful in such applica¬ 
tions as molded cases for wet batteries and closures for reagent bottles. 
Its moisture resistance is outstanding and its dimensional stability very 
superior below the heat-distortion temperature. 

The darkening on exposure to sunlight which was formerly a charac¬ 
teristic of polystyrene has now been virtually eliminated by purification 
of the monomer. It is of interest to note also that early moldings of 
polystyrene frequently exhibited minute surface cracks (“crazing”) on 
aging. This was finally traced to impurities, especially ethyl benzene, 
which slowly volatilized from the polymer and produced a shrinkage that 
the low elongation of the polymer would not permit without rupture of 
the surface. Today all impurities in commercially available monomer 
amount to less than % P er cent. The tremendous demands of the syn¬ 
thetic-rubber program for butadiene-styrene copolymer have resulted in 
a production in the neighborhood of 200,000 tons annually, so that poly¬ 
styrene will undoubtedly become a relatively inexpensive and popular 
plastic in the near future. Table X summarizes some of its properties. 

At one time it was considered impracticable to compound polystyrene 
with plasticizers, but more recently commercial molding powders con¬ 
taining considerable proportions of chlorinated diphenyl have come into 


Table X.—Properties of Polystyrene 

Specific gravity. 1.05-1.07 

Modulus of elasticity. 170,000-470,000 p.s.i 

Tensile strength.. 3,000-8,500 p.s.i. 

Ultimate elongation. 1.5-3 5% 

Flexural strength. 4,800-9,500 p.s.i. 

Impact strength (Izod, notched). 0.5-0.9 ft.-lb. per in. 

Heat-distortion temperature. 165-190°F. 

Molding temperature. 325-500°F. 

Molding shrinkage. 0.002-0.005 in. per in. 

Water absorption. 0.04-0 06 °7 

.• ’ i' 10 17 -10 19 ohm-cm. 

Dielectric constant, 60-10 6 cycles. 2.6 

Power factor, 60-10 6 cycles.. 0.0001-0.0003 

Dielectric strength (>£-in. specimen). 500-700 volts per mil 

Solubility: resistant to lower alcohols, mineral oils, and animal and 
vegetable oils. Soluble in chlorinated and aromatic hydrocarbons 
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use. These contain a sufficient quantity of chlorine to be noninflam¬ 
mable, yet the electrical losses are not seriously raised. This suggests 
that the structure of the chlorinated diphenyl used is symmetrical (i.e., 
that opposing C—Cl dipoles cancel each other). Moreover the heat- 
distortion properties do not suffer and are, in fact, optimum for the 
compounded resin. 

8. Polymethyl Methacrylate. —The acrylic resin most frequently used 
is polymethyl methacrylate, and of this the greater portion is sold in the 
form of sheet and rod by the resin manufacturers. These are cast in 
large molds, the sheet being cast to desired thickness between polished 
plates. Valued for its permanent optical clarity, this resin has become 
familiar through its use in aircraft for bomber noses and gun turrets. 
Its fabrication has become one of the industrial arts. Sheets of the resin 
are warmed in ovens and subsequently draped, stretched, or vacuum- 
drawn over forms. Techniques for cementing, welding, machining, and 
polishing have been thoroughly worked out. 

Molding powders are available containing the necessary mold lubri¬ 
cant (typically 1 per cent of stearic acid) and dyes or pigments where 
these are desired. Useful lenses may be molded from polymethyl metha¬ 
crylate which require no grinding or polishing, though they necessarily 
lack the hardness and scratch resistance of glass. Copolymers, presuma¬ 
bly having a moderately cross-linked structure, have been developed to 
give higher heat resistance to methacrylate moldings. Table XI lists 
some of the properties of the two types of molding material. 

9. Polyvinyl Carbazole. —This resin has been only recently offered 
on the market, and there is consequently little information as to its 


Table XI.—Properties of Methyl Methacrylate Resins 


Regular 


Heat resistant 


Specific gravity. 

Modulus of elasticity, p.s.i. 

Tensile strength, p.s.i. 

Ultimate elongation, %. 

Flexural strength, p.s.i. 

Impact strength (Izod, notched), ft.-lb. per in. . 

Heat-distortion temperature, deg. F. 

Molding temperature, deg. F. 

Molding shrinkage, in. per in. 

Water absorption, %. 

Resistivity, ohm-cm. 

Dielectric constant, 60, 10\ 10 6 cycles. 

Power factor 60, 10 3 , 10 6 cycles. 

Dielectric strength, volts per mil.. 

Solubility: attacked by ketones, esters, aromatic 


1.18-1.19 

300,000-500,000 

4,000-8,000 

2-10 

10,000-16,000 
0 . 2 - 0.4 
125-185 
300-450 
0.004-0.006 
0.4-0.6 
< 10 15 
3.5, 3.4, 3.2 
0.06, 0.06, 0.03 
500 


1.19 

8,000-10,000 

1-5 

0.2-0.4 
< 185 


0.4-0.6 
< 10 16 


500 


and chlorinated hydrocarbons 
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processing and compounding. Since it is soluble, or at any rate readily 
swollen, by many aromatic and chlorinated hydrocarbons as well as 
certain esters and ketones, it may be readily plasticized to lower its 
unusually high molding temperature, but this is naturally accompanied 
by a lowering of the heat-distortion temperature. The solid monomer 
may be melted and polymerized as a casting, particularly for impregna¬ 
tion of electrical equipment. The excellent dielectric strength of the 
resin has led to. its use in coating condenser paper, the product being a 
suitable substitute for mica in some applications. The hardness of the 
polymer is attributable to the mutual hindrance of the bulky carbazole 
ring systems along the chain. Presently available resins lack, however, 
high impact and flexural strength. Its low moisture absorption and 
good dielectric properties are quite atypical for an amine resin and are a 
consequence of the masking effect of the aromatic hydrocarbon rings 
which, in fact, can be seen in models completely to surround and cover the 

nitrogen atom. Some properties of available compositions are given in 
Table XII. 


Table XII. Properties of Polyvinyl Carbazole Molding Compounds 


Specific gravity. 12 

Flexural strength. 4,500-5,500 p.s.i. 

Impact strength (Izod, notched). 0.5-1.0 ft.-lb. per 

Heat-distortion temperature. 100-150°C.* 

Molding temperature. 180-330°C.* 

Resistivity. 10'MO 16 ohm-cm. 

Dielectric constant, 1,000-10 cycles. 3.0 

Power factor, 1,000-10 8 cycles. 0.0004-0.001 

Power factor, 10 6 cycles (48 hr. in H 2 0). 0.0025-0.004 

* Range covers plasticized compounds as well as pure resin. 


10 . Polydichlorostyrene. Apart from the fact that this resin contains 
two nuclear chlorine atoms in each benzene ring, its structure has not 
been revealed. However, the excellent electrical properties (see Table 

XIII) permit one to speculate on the relative position of the C_Cl 

dipoles. Several advantages arise from the presence of the nuclear 


Table XIII. Properties of Polydichlorostyrene 
Specific gravity. | gg 

Tensile strength. * Ann 

Flexural strength. 8 750 p s i 

Impact strength (Izod, notched).' 0^27 ft.-lb.' per in. 
rleat-aistortion temperature. 236°F 

Molding temperature. 360-550°F 

Water absorption. 0 03 ^ 

Dielectric constant, 10 3 -10 6 cycles.. 2 62 ° 

Power factor, 10 3 -10 6 cycles. 0 qqq 2 

^hydrocarbons^ “ P ° lyStyrene (soluble in ar °matic and chlorinated 
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halogens: noninflammability, considerably enhanced heat-distortion tem¬ 
perature, and lowered moisture absorption. Unlike the chlorodiphenyl 
compounded polystyrene resins it is a clear, transparent material. 
Although at present available only in experimental quantities, this resin 
will unquestionably find uses of great importance. 

11. Other Resins. —The necessities of war greatly stimulated the 
investigation of resins in general, and many new vinyl and related 
polymers have been prepared in American research laboratories during 
the period since Pearl Harbor. The prompt application of secrecy orders 
which has been the rule for such developments limits available informa¬ 
tion about these products and prevents the publication of data except 
that which is essential to the use of certain materials. An example of 
this is the resin Cerex whose properties are described in Table XIV. 
This resin is said to be a derivative of polystyrene, but no information 
as to structure or preparative methods may be revealed. It is a trans¬ 
parent amber-colored polymer, having a slow burning rate. 


Table XIV.— Properties of Cerex 


Specific gravity. 

Flexural strength. 

Deflection. 

Impact strength (Izod, notched).. 

Heat-distortion temperature. 

Molding temperature. 

Water absorption. 

Dielectric constant, 10 3 -10 6 cycles 

Power factor, 10 3 -10 6 cycles. 

Dielectric strength. 


1.07 

13,000 p.s.i. 

0.169 in. 

0.4 ft.-lb. per in. 
212-230°F. 
370-450°F. 
0.30% 

2.72-2.76 

0.0024 

510 volts per mil 


Solubility: like polystyrene 
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CHAPTER X 

RUBBER AND THE SYNTHETIC ELASTOMERS 

By Arthur M. Ross, Jr. 

Formerly of the General Electric Research Laboratory, Schenectady, New York; currently 

affiliated with Ross and Roberts, Inc., West Haven, Conn. 

Rubber chemistry dates from Faraday’s original carbon-hydrogen 
analysis in 1826, but the unique elastic properties of rubber have excited 
interest in scientist and layman for centuries. The development, in 
recent years, of various synthetic rubbers is testimony to the fact 
that rubberlike properties are not peculiar to a single chemical species, 
but that they belong to a very large class of substances which have been 
appropriately termed the elastomers. Superficial examination of the 
structural formulas of the elastomers reveals no singularity that distin¬ 
guishes them from the resins. It is appropriate, therefore, that we 
include them in a survey of resin chemistry and that we bring our atten¬ 
tion particularly to bear upon those structural aspects which account for 
the profoundly different physical properties of the two groups. 

THE STRUCTURE OF NATURAL RUBBER 

As early as 1860, Williams isolated a simple fragment of the rubber 
molecule from among its thermal decomposition products. This unsatu¬ 
rated hydrocarbon, a liquid boiling at 37.5°C., he named isoprene. 
Nineteen years later Bouchardat succeeded in converting isoprene (by 

heating in the presence of hydrochloric acid) to a solid resembling .rubber 
in its essential characteristics. 

These two experiments suggest at once the monomer-polymer rela¬ 
tionship already familiar to us in the study of synthetic resins. More¬ 
over, since crude rubber, like the resins, possesses an indefinite softening 
point and yields solutions that are highly viscous even when dilute, we 
conclude that it is actually a high polymer. 

Tilden’s determination of the structure of isoprene as 2-methyl 
butadiene-1,3 

CH, 

CH 2 = C-CH = CH 2 (1) 

and subsequent studies by Harries of the products of ozonolysis of rub¬ 
ber indicate unmistakably an essentially linear polymeric structure 
equivalent to that which would be formed by the repeated 1,4 addition 
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of isoprene units, aligned head to tail 

ch 3 ch 3 ch 3 

1 ■ I 

• • • - CH 2 - C = CH- CH 2 - CH 2 - C = CH - CH 2 - CH 2 - C = CH- CH 2 - ... (2) 
or, in compressed notation 

CH 3 

I 

- CH 2 - C = CH- CH 2 - 

Studies of viscosity in solution indicate a rather broad distribution of 
molecular weights, 270,000 to 410,000 in crude rubber. In the above 
formula, then, n has the value of 4,000 to 6,000 

SYNTHETIC RUBBERS 

1. Early Attempts.—The preparation of “synthetic rubber” in the 
strict sense ii.e., the polymerization of isoprene) occupied the efforts of 
research workers during the last decades of the nineteenth century; but, 
because isoprene was most economically to be made from rubber itself 
and because the synthetic polymers were invariably inferior to the natural 
product, work along these lines did not persist. We may note, however, 
that isoprene is also obtainable from turpentine by pyrolysis, a source of 
which advantage is being taken toda} r . 

It is natural that subsequent experiments should have been carried 
out on the polymerization of isoprene-like monomers. Thus, a rubber of 
inferior quality was synthesized from 1,3-butadiene as early as 1910 
in Russia. During the First World War, pressure of the Allied blockade 
gave impetus in Germany to the production in commercial quantity of 
rubbers from 2,3-dimethyl butadiene-1,3. This monomer was derived 
from acetone through pinacol according to the following scheme: 

ch 3 ch 3 ch 3 ch 3 ch 3 

i H? 1 1 —2H2O 1 1 

2 CH 3 - C = O->.CH 3 -C - c- CH 3 ->CH 2 = C - C=CH 2 (4) 

I I 

OH OH 

A possible mode of polymerization is through 1,4 addition to produce a 
homologue of natural rubber 

r CH 3 CH 3 

I I 

_ - ch 2 - c = c- ch 2 - 

though this is actually complicated by the simultaneous occurrence of 
1,2 addition (see page 173). Largely used for hard rubber articles such 
as battery cases, “methyl rubber,” as it was called, fell far short of what 
we should today consider minimal requirements for a synthetic rubber, 
and was in its own time inadequate for automotive tires. 
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During the 10 years following the First World War little interest was 
evidenced in synthetic rubber. 

2. Polyalkyl Polysulfides.—The discovery in 1928 of elastic rubber¬ 
like products from the condensation of alkyl dihalides with sodium 
polysulfides introduced a family of elastomers very different in structure 
from natural rubber. A typical member is prepared from ethylene 
dichloride and sodium tetrasulfide, the reaction proceeding by repeated 
elimination of sodium chloride: 


(D 

(2) CICH 2 - 

(n) 


— NaCl 

CICH 2 - CH 2 CI + Na 2 S 4 -» CICH 2 - CH 2 S 4 Na 

- NaCl „ . 

CH 2 S 4 Na + CICH 2 - CH 2 CI-* CICH 2 - CH 2 S 4 CH 2 

-NaCl 

• • • --> CI[CH 2 - CH 2 S 4 ]nNa 


- CH 2 CI 


( 6 ) 


Other dihalides (such as dichlorodiethyl ether, for example) also yield 
elastic polymers 'with sodium tetrasulfide. 

3. Chloroprene Polymers.—The first of the synthetic elastomers to 
compete with natural rubber on its own merits was polychloroprene, 
originally prepared in 1931. The synthesis of this first example of the 
Neoprene group of rubbers commenced with the dimerization of acety¬ 
lene followed by the catalytic addition of hydrogen chloride. The 
product, 2-chlorobutadiene-l,3 polymerizes spontaneously to give a 
variety of high-molecular-weight products. 


CujClj 

2CH = CH-> CH = C - CH = CH 2 

Cl 

CujCU 1 

CH = C- CH = CH 2 + HCI->CH 2 =C- CH = CH 2 

nh 4 ci 

Cl f Cl 

i _* i 

CH 2 = C- CH = CH 2 - CH 2 -C = CH-CH 2 - n 


(7) 

( 8 ) 

(9) 


Under appropriate conditions of polymerization, a soft product very like 
rubber results. Of the several types of Neoprene available, at least 
one appears to be a copolymer, apparently with isoprene. 

4 . Butadiene Copolymers.—Since 1930 in Russia and Germany, and 
more recently in this country, there has been active research in the 
development of rubbers based on butadiene. In particular, this period 
has witnessed the introduction of butadiene copolymers and the use of 
emulsion methods in their polymerization, both of which techniques have 
largely succeeded in overcoming the earlier difficulties with pure buta¬ 
diene. Styrene and acrylonitrile are the chief co-monomers utilized. 

M 

The rapid development of a tremendous production capacity (more than 
850,000 tons annually) of butadiene-styrene copolymer rubber in this 
country is sufficient evidence for the value of these developments. 

The chief source of butadiene in the United States is petroleum. 
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Butadiene occurs in the butane fraction of petroleum cracking gases 1 
and the other four-carbon, normal hydrocarbons of this fraction (n-butane 
and butene-2) may be converted to butadiene by catalytic dehydrogena¬ 
tion at elevated temperatures. Fermentation or synthetic ethyl alcohol 
the second most important source, is converted to butadiene by passage 
over a dehydrogenation-dehydration catalyst at high temperatures. 

Styrene occurs in the low-boiling fraction of coal-tar naphthas and 
in gas-tar oils, but the major part of the styrene required for the rubber 
program is obtained by the combination of ethylene with benzene in the 
presence of a Friedel-Crafts catalyst, followed by dehydrogenation of the 
resulting ethyl benzene 



Acrylonitrile is prepared by the dehydration of ethylene cyanhydrin, 
derived from ethylene through its chlorohydrin 

CH 2 = CH 2 + HOCI ->CH 2 -CH 2 (11) 

OH Cl 

CH 2 - CH 2 NaCN CH 2 “ CH -2 — HiO 

• ■-•-> CH 2 = CH - CN (12) 

OH Cl OH CN 


We may describe the structure of the butadiene copolymer rubbers 
by the formulas 

• • • - CH 2 -CH = CH-CH 2 -CH-CH 2 -CH 2 -CH = CH-CH 2 - 

CH 2 - CH = CH - CH 2 - • • • (13) 

and 



- CH 2 - CH = CH - CH 2 - CH - CH 2 - CH 2 - CH » CH - CH 2 - CH 2 - 

i CH = CH - CH 2 - 

C = N 


(14) 


Emulsion polymerization comprises, in a general way, the agitation of 
the monomers with water containing emulsifying agents (such as soap), 
emulsion-stabilizing colloids (such as dextrin), peroxide-type catalysts 
(such as sodium persulfate), and so-called “modifyingagents.” Theselat- 
ter (sometimes higher aliphatic mercaptans) appear to suppress reactions 
other than 1,4 addition. The mixture is warmed generally in the neigh¬ 
borhood of 60°C. for several hours, at the end of which time a stable 
latex has been formed. This is coagulated by means of salt and acid, and 
the resulting coagulum is washed, dried, and rolled into sheet form for 
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baling. A few per cent of antioxidant is added to prevent further poly¬ 
merization or oxidation of the elastomer. 

It is possible to prepare copolymers with all possible ratios of the 
reactant monomer-s. The GR-S copolymer rubber (butadiene-styrene) 
now in use contains approximately 25 per cent of styrene by weight, but 
useful rubbers have been made having 50 per cent of styrene. The 
acrylonitrile rubbers in present use have 25 to 40 per cent nitrile content. 
There is some indication that the two monomeric units are randomly 

distributed in the polymeric structure. 

5. Isobutylene Polymers and Copolymers.—The first synthesis of 
rubberlike polymers from isobutylene was patented in 1937, and polyiso¬ 
butylene has since found many applications in adhesives, as an additive 
for lubricating oils to improve viscosity index, etc. The process consists 
in treating isobutylene at very low temperatures ( — 80°C. and below) 
with a Friedel-Crafts catalyst, generally boron trifluoride: 

CH 3 r CH 3 -i 

1 (BF.) ' 

C=CH 2 -* -C-CH 2 - (15) 

I I 

CH 3 L CH 3 Jn 

X-ray diffraction studies indicate a head-to-tail arrangement of the mono¬ 
mer units in the chain. Because of its chemical saturation, polyiso¬ 
butylene is not vulcanizable. A copolymer of isobutylene with minor 
amounts (not more than 3 per cent) of isoprene is now in quantity produc¬ 
tion under the designation “butyl rubber.” Being vulcanizable, this has 
vastly greater applicability. 

6. Polyester Rubbers. —During the period of serious shortage prior 
to the completion of the government-planned synthetic rubber plants, 
there was considerable interest in the so-called “chemurgic rubbers.” 
These consist of re-esterified natural drying and semidrying oils which, 
on reaction with sulfur, yield solids having a measure of elasticity. 
Their inherent weakness and inferior elastic properties do not promise 
much future application. 

A more interesting type of rubber having a polyester structure has 
been prepared from mixed glycols and dibasic acids, including a minor 
proportion of maleic acid to lend unsaturation. The resultant waxy 
solid may be vulcanized by the incorporation of benzoyl peroxide and 
heating. It yields a tough rubberlike product that has interesting pos¬ 
sibilities. A commercial designation is Paraplex G-100. 

7. Other Polymers. —Copolymerization makes possible the prepara¬ 
tion of a vast number of elastomers through the use of various co-mono¬ 
mers and different proportions of these. Methyl isopropenyl ketone, 
ethyl acrylate, and iV-vinyl pyridine are among the co-monomers that have 
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been used experimentally with butadiene. At least one commercial 
rubber appears to be a copolymer of three components (butadiene, 
acrylonitrile, methyl isopropenyl ketone), and it is probable that many 
such combinations with improved properties will be. developed during 
the postwar period. Polymers of the vinyl-aliphatic ethers (such as 
vinylethyl ether) possess rubberlike properties and may prove valuable 
materials. Substituted pentadienes have been made available to replace 
butadiene in experimental rubbers. Unquestionably a variety of new 
products will reach the manufacturer of rubber articles in the period 
immediately to come. 

8. Commercially Available Elastomers. —Table I lists the trade names 
under which the various available synthetic rubbers are marketed and 
classifies these according to the general types that we have considered 
above. 


Table I.— Commercially Available Synthetic Rubbers 
Composition. Trade Name 

(1) Polyalkyl polysulfides Thiokol (Types A, B, D, F, FA, M, N, ST) 

GR-P* 


( 2 ) Chloroprene polymers 

(3) Butadiene-styrene copolymers 


(4) Butadiene-acrylonitrile copoly¬ 
mers 

(5) Isobutylene polymers 

(6) Isobutylene-isoprene copolymers 

(7) Polyester rubbers 


Neoprene (Types CG, E, FR, G, GN, KN, M) 
GR-M* 

Buna S 
Buton S 

Hycar OS (Types 10, 20, 30) 

Chemigum IV 

GR-S* 

Buna N, Perbunan 
Hycar OR (Types 15, 25) 

Butaprene 
Chemigum I 
Thiokol RD 
Vistanex 
Synthetic 100 

Butyl Rubber (Types B-1.45, B-3) 

GR-I* 

Norepol, Agripol 
Paraplex G-100 


♦Government standard designation. 


9. Inorganic Rubbers.—Although not of practical interest, it is 
instructive to note that there are elastomers which are entirely inorganic. 
The best known of these is the familiar amorphous sulfur, formed by 
quenching of the molten element after it has been heated for some time 
at 250°C. Fresh specimens are highly elastic and exhibit considerable 

strength. The structure has been demonstrated to be 

( 16 ) 


[-S-] 


n 


a typical linear polymer. Another inorganic 


material with properties 
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remarkably like rubber when freshly prepared is polymeric phosphoni- 
trilic chloride: 

r C| 

- P = N - (17) 

I 

. Cl Jn 

which is also linear in structure. With time, both of these substances 
are converted to more stable (and brittle) nonpolymeric forms. 

RUBBERLIKE ELASTICITY 

1. The Kinetic Theory. —It has become the task of the chemist to 
explain the physical properties of matter in mass in terms of the forces 
that act between atoms and molecules. Rubberlike elasticity, as we have 
seen, is a property of rather wide occurrence among high polymers, and 
it is appropriate to develop here the concepts that are required for its 
explanation. It will be our purpose to examine those features of poly¬ 
meric structure that account for the presence or absence of high elasticity. 
We shall consider a substance to be highly elastic if it is capable of being 
stretched to several times its original length and on release retracts 
rapidly to approximately its original dimensions. 

The forces that hold atoms together in the formation of molecules 
we refer to as primary valence bonds. Such bonds differ in their origins 
( e.g ., covalent bonds, coordinate bonds, ionic bonds, etc.) and in their 
energies, but for stable substances they are very strong as measured, for 
example, by the thermal energies necessary to decompose the molecule 
into its constituent atoms. We picture the high polymer as a chain or 
network of atoms j oined by primary valences, as indicated by the dashes 
in our structural formulas. These primary valence forces between atoms 
do not, however, exhaust their bonding capabilities, and the residual 
forces are those which, creating attractions between molecules, determine 
the physical state of a substance in bulk: its vapor pressure, surface 
tension, etc. The energy of decomposing a molecule goes toward break¬ 
ing primary bonds; it is the strength of the residual bonds that must be 
overcome in the fusion of a solid, the vaporization of a liquid, or the 
deformation of a resin. We shall call these residual forces secondary 
valence forces or van der Waals’ forces. They are, in general, very much 
weaker than those which arise from primary bonds.* • 

* The range of energies necessary to dissociate primary bonds is 20,000 to 200,000 

cal. per molecule, for secondary bonds only 500 to 5,000 cal. per molecule. If in 

breaking a rubber or resin specimen we were actually rupturing only primary bonds 

the resulting tensile strengths would be very much larger than those found to exist! 

It appears that much of the energy goes to overcoming secondary forces; but the 

actual fraction cannot be calculated because of inevitable imperfections in specimens 
which lead to low results. 
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It is a characteristic of van der Waals’ forces that they possess a 

very short range of action, the attraction between molecules falling off 

with a high power of their distance of separation. This accounts for 

the brittleness of most organic solids,* since even slight deformation 

separates the centers of secondary valence interactions beyond the limit 
of their ranges. 

If these two types of bond are actually the only ones that operate 
in and between organic molecules, we must seek elsewhere to explain 
the great extensibility of rubber. 

The concept of rubberlike elasticity may best be developed by refer¬ 
ence to a hypothetical single linear polymeric chain of considerable length. 
Let us suppose that this has a skeleton consisting, as does that of the 
vinyl resins, of carbon atoms joined by single covalent bonds. In such 
a chain, each C—C bond makes an angle of 109 deg. with its two nearest 
neighbors. And although the individual bonds are to be thought of 
as relatively stiff toward bending, there exists the possibility of free, 
or at least partially free, rotation of carbon atoms about each bond. In 
this way the chain is flexible, and it can be coiled and twisted into an 
infinite number of configurations. 

If we suppose this model to be a real molecule in all respects except 
that it is isolated in space, it becomes evident that the thermal agitation 
of its various segments should produce a constantly varying series of 
configurations of differing over-all lengths, f If we could arrange matters 
so that the ends of this molecule could be held and the molecule stretched, 
we would observe that the elongation thus produced is, in general, opposed 
by the thermal energy of the chain segments, much as the spinning of a 
jumping rope produces a tension tending to decrease the distance between 
the two points at which it is held. Work must be expended in order to 
lengthen the chain, f and this elongation is actually reversible; for when 
the ends of the molecule are released it will tend to shorten to some con¬ 
figuration of greater complexity and smaller over-all length. This 
picture of the isolated flexible chain yields through mathematical analy¬ 
sis several quantitative predictions; two of these require that (1) the 
stress in the chain should be proportional to the .elongation, and (2) 
the elastic modulus should be proportional to the absolute temperature. 

* This argument does not apply to the metals, whose structure is beyond the 
scope of our present discussion. 

f By over-all length we intend the distance in a straight line between the two ends 
of the molecule. 

X The student acquainted with statistical mechanics will recognize here that the 
number of complexions corresponding to greater elongation is less than that about 
some characteristic elongation of maximum probability. Our expenditure of energy 
goes, in this view, to achieve a decrease in entropy, just as it does in the compressing 

of an ideal gas. 
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Both of these predictions are approximately fulfilled by vulcanized rub¬ 
ber. The theory also yields a reasonable value for the molecular weight 
(or chain length) of rubber. Later developments of the theory have taken 
into account actual aggregates of chains and vulcanization, but qualita¬ 
tively these more accurate models do not give results essentially different 
from the simpler model above. 

We have, then, in the isolated chain a model that explains the nature 
of rubberlike elasticity: a 'polymer should be highly elastic if the primary 
valence chain comprising its skeleton is long and if it can be readily coiled 
and uncoiled . The requirement of chain length is evidently necessary, 
since small molecules cannot change greatly in over-all length regardless 
of configuration; moreover, we may take for granted at least partially 
free rotation about the single bonds encountered in high polymers. 
It remains for us to discuss those factors which tend to limit or prevent 
the coiling and uncoiling of the polymeric chain and which, thus, give 
rise to two types of behavior: rubberlike and resinous. 

2. Cross Linking. It is evident that the highly cross-linked resins, 
such as those from phenol or urea and formaldehyde, cannot be reversibly 
extended, since, apart from all other considerations, there is insufficient 
chain length between the cross links which tie up their structure in a rigid 
three-dimensional framework. Considerations of excessive cross-linking 
are, however, also a matter of concern in the rubber field. A good exam¬ 
ple of this is found in the polymerization of butadiene. In our discussion 
on page 168, we assumed 1,4 addition at the conjugated double-bond 

system. It is possible, however, for 1,2 addition to take place, thus 
incorporating in the chain the unit 


uh 2 - uh 


• • 


i 


CH = CH 


(18) 


This is actually the insertion of a vinyl group which, being highly reac¬ 
tive, promotes the prompt growth of a second branch in the chain 


• • 


- CH 2 - CH- • • • 

I 

• • • - CH- CH 2 - • • • 


(19) 


If 1,2 addition occurs frequently, a network structure will result that 
lacks desirable elastic properties. It is for this reason that modifying 
agents are added in the preparation of the butadiene-copolymer rubbers 
(see page 168). Nonetheless it is probable that many of the problems in 
processing and using these rubbers can be laid to the existence of cross 
links. These difficulties include lack of plasticity, excessive hysteresis 
High rate of cut growth, and weakness at elevated temperatures. 

3. Crystallinity.—In the regular arrangement of a crystal, secondary 
valence forces are able to act with maximum effect, as a consequence 
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•of the closer packing found in the lattice as compared with more dis¬ 
ordered states. Molecular chains so packed will exhibit rigidity because 
of the net force that tends to prevent their uncoiling. We must seek 
for rubbery properties in materials that are not crystalline at ordinary 
temperatures. A case in point is gutta-percha. This hydrocarbon 
exactly duplicates natural rubber in its chain structure except for the 
orientation of the chain segments about the rigid double bond. It has 
been established that rubber exhibits the cis-configuration and gutta¬ 
percha the trans. As a result of this difference in shape, gutta-percha 
fits more readily into a crystal lattice and is crystalline at room tempera¬ 
ture at which it exhibits the properties of a rather rigid solid. When 
heated to 50°C., however, it becomes elastic, but its high thermoplas¬ 
ticity nearly conceals this effect. The same consideration applies, to 
polyethylene which, in consequence of its very simple chain structure, 
is crystalline and rather rigid below 110 to 115°C. Some specimens show 
considerable elasticity when heated above this point, but this, again, is 
obscured by high plasticity.* The very elastic character of polyisobu¬ 
tylene at room temperature is apparently a consequence of its branched- 

chain structure 


CH, 

C - CH, 

I 

CH, 


CH, 

I 

CH- 

i 

CH, 


CH,- 


CH, 

I 

c- ch 2 

CH, 


CH, 

C- CH 2 

I 

CH, 


CH, 

C- CH 2 

I 

CH, 


• • 


( 20 ) 


which inhibits ready formation of a lattice. 

4 Steric Hindrance.—Even though a high polymer may be linear 

and noncrystalline, the uncoiling of its chains may be greatly impeded by 
the hindrance of bulky side groups along the chain skeleton. For exam¬ 
ple scale molecular models of polystyrene demonstrate the difficulty of 
coiling or uncoiling its chain because of the mutual interference of the 
benzene rings. On other counts, polystyrene should be a rubber. When 
it is heated to 130° on a rubber mill, polystyrene exhibits very elastic 
properties, indicating that the additional thermal energy of the chain 
segments is overcoming to a degree this resistance to rotation. 

5. Dipole Interactions.— In the formation of a bond between a pa 
of dissimilar atoms, we may expect electrical asymmetry m the residing 
linkage, t Such an asymmetry is equivalent to a simple displacement of 
the centers of positive and negative charge along the line joim g 


* The tendency to flow in both gutta-percha and polyethylene at elevated^^ 

r«:^re« r »* * 

c Jon chain -C-C-C-C-will be neutral m th» reepeet. 
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)(± 


0 


A 

Parallel 


atoms and constitutes an electrical dipole. Although neutral in the 
over-all sense, such a dipole is capable of interaction with other dipoles 
or polarizable groups in its neighborhood, the force of interaction depend¬ 
ing upon the magnitude of the charges and the amount of their displace¬ 
ment in the formation of the bond as well as on the distance from which 
it acts upon a neighbor.* In particular, these 
dipole-dipole interactions tend to align the groups 
in question in either parallel or antiparallel con¬ 
figurations, as shown in Fig. 1. In a polymeric 
chain comprising a “string” of dipoles, these 
interactions give rise to strong forces that operate 
against ready coiling and uncoiling, both wit hin 
the individual molecule or between neighboring 
molecules. Table II tabulates the strengths of 
some common dipoles (dipole .moment equals 
charge times displacement). Inspection of Table 
II indicates that if one were seeking rubbery 
properties he should choose materials that are largely, at least, hydro¬ 
carbon in nature. 




B 

Anti-parallel 


±> 


Fig. 1 . —Configurations 
of dipole pairs. 


Table II.— Dipole Moments of Some Common Groups 


G rou P Dipole Moment 

C—H . 0.4 e.s.u. X 10- 18 

0 -CII 3 . 1.23 

C-Cl. i. 54 

0—H. 1.56 

c=0 . 2.8 


6. Other Interactions. —In addition to its interaction with other 
dipoles, a dipole, by virtue of its field, possesses the ability to induce 
electrical asymmetry in otherwise neutral molecules. This effect is 
known as polarization. As a result of acquiring this induced separation 
of charge, the hitherto neutral molecule is attracted to the inducing 
dipole. Molecular groups differ in their ability to be polarized. The 
induction forces produced in this way fall off with the sixth power of 
the distance separating the centers of interaction. 

Secondary valence forces exist that are not dependent upon dipolar 

configurations. It is beyond our scope to discuss then* origin, but these 

dispersion forces” that exist between all molecules have been analyzed 

by quantum-mechanical methods and are rather well understood. Their 

magnitude falls off with the sixth power of the distance separating the 
centers of interaction. 

A special type of interaction that originates in part from dipole- 

* The field produced by a dipole falls off with the cube of the distance. 
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dipole forces is found between groups, such as —OH and —COOH 
which contain a mobile hydrogen atom. The nature of these “hydrogen 
bonds” has been satisfactorily explained from the quantum-mechanical 
view. They result from the rapid periodic exchange of a pair of hydrogen 
atoms between two molecules suitably disposed in space, a type of 
“resonance.” 

7. Molar Cohesion.—Since in any individual case that we may wish 
to consider, several or all of the forces above described (dipole-dipole, 
induction, dispersion, hydrogen-bond) may be operative, analysis would 
appear to be a tedious matter. It is convenient, therefore, to appeal to 
other manifestations of secondary valence forces for a simpler solution. 
For example, the energy necessary to evaporate simple liquids or solids 
can give us comparative information on the effect of various atomic 
groups. Careful study of such data has resulted in the tabulation of the 
molar cohesion characteristic of the various organic groupings, some of 
which are given in Table III. The values represent the energy of the 
van der Waals’ forces contributed by the group in question,'and in this 
sense the molar cohesion sums up all the effects mentioned above. 

Table III.— Molar Cohesions of Some Common Groups 


Group 

Molar Cohesion, Cal. per Mole 

—CHr- 

990 

=CH— 

990 

—ch 3 

1,780 

=ch 2 

1,780 

—0— 

1,630 

—OH 

7,250 

—Cl 

3,400 

=CO 

4,270 

—COOCH, 

5,600 

—COOCH 2 CH 3 

6,230 

—COOH 

8,970 

—CONH— 

16,200 


Tables II and III give us the necessary information to explain the 
presence or absence of high elasticity in the high polymers. The large 
dipole moments and strong molar cohesions of C—Cl, C—CN, C—OH, 
and CONH— give rise to the rigidity that we know to be characteristic 
of polyvinyl chloride, polyacrylonitrile, cellulose, and the polyamides. 
The above-mentioned effects depend, of course, on the concentration of 
the group in question. For example, the molar cohesion of the C—Cl 
bond is not so high that one such linkage in every four carbon atoms 
eliminates high elasticity (for example, Neoprene), but polyvinyl chloride, 
polydichlorobutadiene (with one in every two chain carbons), and poly- 
vinylidene chloride (with two in every two chain carbons) are hard and 
inelastic at ordinary temperatures. Similarly, the hardness character- 
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istic of polyacrylonitrile is absent from the butadiene acrylonitrile 

polymers in which the polar groups are sufficiently “diluted” with 
hydrocarbon. 

The fact that external influences can alter the properties of polymers 
with respect to their elasticity has been implicit in our discussion above. 

8. Thermal Effects. In nearly all the examples cited, an increase in 
temperature has the effect of producing a measure of elasticity in resinous 
materials that are otherwise rigid solids. Conversely, a decrease in tem¬ 
perature will, as expected, reduce the elasticity of materials that are 
rubbery at room temperature. These phenomena are inevitable con¬ 
sequences of the kinetic nature of high elasticity and the dependence 
on thermal energy. To each rubber there corresponds a temperature 
below which it becomes hard and brittle, an important matter in choosing 
rubbers for low-temperature applications. 

This hardening is sometimes a result of 
crystallization of the polymer. Thus raw 
natural rubber held at subzero tempera¬ 
tures shows a gradual increase in density 
which suggests the occurrence of a freezing 
process. This is confirmed by X-ray dif¬ 
fraction examination which indicates the 
presence of minute randomly orientated 
crystallites within the specimen. Quanti¬ 
tative measurements of crystallite size 

indicate that a given chain may run 
through both crystalline and amorphous 
areas as shown in Fig. 2, the crystal being 

associated with some region of the specimen rather than with particular 
mo ecules. In order to fit into a definite lattice, it is necessary that a 
polymer possess regularity of structure. The butadiene-copolymer rub¬ 
ers, being a random array of monomeric units, cannot form crystallites 
because of the operation of the other effects mentioned (dipole interac- 
10 ns, stenc hindrance, etc.) one cannot, however, assume that this neces¬ 
sarily implies a lower temperature range of elasticity. Actually, rubber 

is elastic at temperatures below the brittle points (see page 209) of 
butadiene copolymers. 

9. Plasticizers.—Just as elevated temperatures act to overcome the 
forces that prevent elasticity, so does the addition of plasticizers. These 
are nonvolatile liquids, which are at least partially soluble in the polymer 

to h ^ re , r ^ her specific in their effects, so that it is not a simple matter 
cLr, ? * G P r u 0perties of a Plasticized polymer in advance. Plasti- 

the cent T ^ tW ° mechanisms simultaneously: separation of 
the centers of secondary valence forces, and saturation of these forces 



Fig. 2. —Crystallites in a high 
polymeric system (schematic). 
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We shall, therefore, expect that polar polymers will be most readily 
plasticized by polar or polarizable liquids, nonpolar polymers by non¬ 
polar liquids. However, the mixture of polymer and plasticizer is 
generally a complex colloidal system that requires individual study of 
special cases. 






1 , amorphous rubber; <B> rt retched crystalline rubber; and (C) f ™ ze " ^ tched 
(Photoaraoh courtesy of Professor G. L. Clark, L mversUy of Illinois.) 


10 Stress Effects.—It has been found that raw rubber at room tem- 

perature exhibits an X-ray diffraction pattern similar to that of a liquid, 

with the broad diffuse rings characteristic of amorphous materiais• 

i,f-ing stretched to 100 per cent elongation or more, a rubber sp 

shows an increasingly strong pattern typical of oriented J d 

apparent from this that the stretching process produces crystallites 
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(simultaneously) orients them in the direction of stress, the concentration 
of crystallites and their degree of orientation in this direction increasing 
with elongation. This type of crystal formation is reversible, the crystal¬ 
lites “melting” on release of the tension. The degree of orientation that 
can be produced by stretching is very striking and can be demonstrated 
without the X-ray camera by freezing a piece of rubber in a highly 
stretched condition; on striking with a hammer the specimen will shatter 
into fibers, not unlike bamboo. X-ray study of crystallized oriented 
rubber has yielded most important information about rubber structure. 
Moreover the properties of rubber at high elongation are greatly influ¬ 
enced by the crystallization phenomenon which is partly responsible for 
its high strength (see Fig. 3). 

It is of interest to note that the heat of crystallization of rubber makes 
itself evident during stretching, the specimen becoming warm, as it is 
evolved. After being brought to room temperature in the stretched 
state, the specimen cools markedly on release through absorption of the 
heat of fusion. The reader may verify this with a stout gum-rubber 
band, using his lips as a thermometer. * 

PLASTICITY 

In the foregoing discussion, we have neglected the existence of plastic 
flow except for brief mention. As is expected of linear polymers, the 
elastomers are all thermoplastic in the raw state; in general their tendency 
to flow exceeds that of the thermoplastic resins. The property is put 
to use, as in the plastics field, for the forming of articles by molding, 
extrusion, calendering, and the like. 

The plasticity of a polymer depends greatly upon its molecular weight. 
In raw rubber (molecular weight 300,000 to 400,000), plasticity is not 
very marked, and such rubber is difficult to form in any way. The dis¬ 
covery that mastication or milling in air at room temperature greatly 
increases the plasticity of raw rubber has solved this problem. Mastica¬ 
tion results in a marked decrease in the average molecular weight attrib¬ 
uted to oxidative rupture of chains, since oxygen plays an important 
role in the process. Milling in pure nitrogen, for example, has little 
effect on plasticity or molecular weight. This “breakdown” of natural 
rubber is not paralleled by the synthetic rubbers, which are relatively 
unaffected by milling in a permanent way, except for mastication at high 
temperatures and for long times, a procedure that impairs their proper¬ 
ties. It is therefore a problem of the rubber industry to produce poly- 

* Heat is also evolved during the initial stages of elongation before crystallization 

is appreciable, and during the last stages of retraction after fusion is complete it is 

likewise absorbed. This is exactly analogous to the compression of an ideal aas 
(oee footnote, p. 172). & 
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mers having proper plasticity initially. As mentioned above, cross 
linking has an adverse effect on plasticity, and its elimination is one of 
the important tasks of the rubber chemist. 

Apart from molecular weight and cross linking, we have to consider 
the action of the various forces described in the foregoing sections. In 
general all those factors which decrease elasticity tend, likewise, to 
increase the resistance to deformation. On the other hand, they may 
also reduce the elastic recovery that gives certain elastomers (such as 
polyisobutylene) their “nerve” and makes them difficult to process. 

VULCANIZATION 

Goodyear’s discovery a century ago that treatment of rubber with 
elementary sulfur at elevated temperatures results in a permanent altera¬ 
tion of its properties marks the beginning of rubber’s usefulness for most 
of the applications that we now make of it. A study of the literature to 
date reveals that we do not yet have a satisfactory understanding of 
the phenomena involved in this process, but, at any rate, its effects are 
well known. Vulcanization of rubber is accompanied by a virtually 
complete suppression of plastic flow at moderate stresses, a pronounced 
increase in resilience, and great enhancement of tensile strength rela¬ 
tive to the raw polymer. * In addition to this, its temperature suscepti¬ 
bility is markedly reduced; vulcanized rubber remains relatively flexible 
at — 60°C., while crude rubber freezes rapidly at — 10°C. The solubility 
of milled rubber in hydrocarbon solvents is eliminated by vulcanization, 
following which the rubber may become swollen in contact with the 
solvent but retains its shape and does not pass into solution. 

It is certain that the vulcanization process involves chemical reac¬ 
tion of the rubber with sulfur and that this is somehow concerned with the 
unsaturation of the rubber hydrocarbon. There is, how'ever, no exact 
relationship between the amount of combined sulfur and the loss of 
unsaturation in vulcanization, f Every aspect of the phenomenon 
implies, however, that sulfur acts to cross-link the linear macromolecules 
of the rubber into a three-dimensional network. Since rubber has a high 
average molecular weight prior to vulcanization, a relatively small 
number of cross links is sufficient to knit together molecules of enormous 
size. This accounts for the decrease in solubility, suppression of plastic 
flow, and enhancement of tensile strength. It also explains the decreased 
tendency to freeze, since a complex three-dimensional network cannot 

•Raw rubber. 300 to 400 p.s.i. 

Milled rubber. Approx. 0 p.s.i. 

Vulcanized rubber... 3,500 to 4,500 p.s.i. 

t Recent studies give some indication that sulfur reacts by substiiviion at a carbon 
adjacent to the double bond rather than by addition at the double bond itself. 






RUBBER AND THE SYNTHETIC ELASTOMERS 


181 


readily accommodate itself to a crystal lattice. Excessive vulcanization 
has a detrimental effect on the properties of the product, as we might 
expect from previous considerations of excessive cross linking. When 
overvulcanized through the use of excess sulfur, a rubber specimen ceases 
to exhibit crystallinity on stretching. At very high sulfur concentrations 

(30 per cent and more), vulcanization produces hard rubber or “ebonite” 
(see page 210). 

The changes produced in natural rubber by vulcanization are, in a 
general way, paralleled in the synthetic rubbers, but less is known about 
the nature of the vulcanization reaction for these materials. We shall 
discuss them further in the section on compounding. 

Reclaimed Rubber. Vulcanizates of natural rubber may be reduced 
to a plastic condition by a number of means. Severe mechanical working, 
heat, and chemical treatment, such as with alkalies or acids at elevated 
temperatures, will produce this effect. The rubber thus, reclaimed, may 
be revulcanized to give tensile strengths that have an appreciable frac¬ 
tion (greater than 50 per cent) of the tensile strength of the original 
specimen. Most rubber is reclaimed by alkali digestion, which serves to 
destroy and remove the fabric in scrap tires. The reclaimed product 
has extensive use in rubber compounding and in some instances (e.g., 
code-grade wire insulation) represents a major fraction of the rubber 
content of the article produced. Methods have been developed for the 
reclaiming of Neoprene and of butadiene-styrene copolymers. It will 
be a serious problem to the scrap dealer to distinguish the various rub¬ 
bers that he handles, since different processes are required for each type 
and mixtures are frequently not reclaimable. 

The actual mechanism of reclaiming is not completely understood. 

It does not, however, correspond to “devulcanization,” the original sulfur 

content remaining combined in the reclaimed rubber. Unquestionably 

the. reclaim” consists of irregular molecules that are fragments of the 
original vulcanized network. 


UJUNJIKAL PKOPERTIES 

The structures of the various rubbers give a clue to certain of their 
properties independently of the way in which they may be compounded 

elasticity mUCh ** ^ already drawn conclusions regarding their 

1. Solubility. -Like other linear polymers, the elastomers are more 
ess soluble in the raw state. As experience in other fields indicates 
e more polar polymers should be and are most soluble in polar or polar- 
zable solvents, while those polymers which are nonpolar are most soluble 
m neutral solvents such as the hydrocarbons and carbon tetrachloride 
After vulcanization, solubility disappears, but vulcanizates all imbibe 
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solvent with consequent swelling of the test specimen, the swelling power 
of the solvent being roughly proportional to its ability to dissolve the 
raw elastomer. Swelling is invariably accompanied by loss of strength. 
Since the most common solvent materials with which rubber is liable to 
come into contact industrially are hydrocarbons (fuel and lubricating 
oils or gasoline), there is a considerable field for the polar polymers 
Neoprene, Thiokol, and buna N as oil-resistant rubbers. 

2. Resistance to Chemical Attack.—The double bond, which confers 
the property of vulcanizability on rubbers, is likewise the point of most 
likely chemical attack, by oxygen, ozone, halogens, and other oxidizing 
chemicals, and by strong acids or other substances that add at the double 
bond. Butyl rubber, by virtue of the absence of unsaturation in its 
structure is strikingly resistant to these reagents. Since chemical attack 
can also occur elsewhere along the hydrocarbon chain, it does not follow 
that saturated rubbers are completely proof against the effects of age 

and exposure. 

3. Electrical Properties.—If a slab of insulating material is placed 
between the oppositely charged plates of a condenser, existing dipoles 
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A 

Before charging 

Fig. 4.—Partial orientation of dipoles in an electric field. 


B 

After charging 


tend to orient themselves in the direction of the field; and polarizable 
groups suffer a net displacement of their charge centers in this same 
direction. This corresponds to a net flow of current through the con¬ 
denser as shown in Fig. 4, which depicts the dielectric at two instants of 
time, the one before, the other after, charging. The experimenter 
observes this as an increase in the capacitance of the condenser (capaci¬ 
tance equals charge absorbed per unit voltage) and assigns to the insu 
ing material a characteristic “dielectric constant which is the ratio of 
the specific capacitance of the material to that of air (or, more stnctly, 

Ordinary hydrocarbon groups are polarizable to some extent, so that 
the dielectric constant of pure hydrocarbons is normally about f 
(vacuum = 1). Polar compounds will exhibit very much bgher diek* 
trie constants (water 80, butadiene-acrylonitrile rubber 15 to 20). 
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dielectric constants found for various rubbers in this way correspond 
approximately to what we would predict from the data of Table II. 

The constant thermal motion of the dipoles gives rise to complexities 
in the behavior of the dielectric in alternating fields. In order to under¬ 
stand this behavior, we must picture the dipoles as a randomly moving 
4 assembly whose individuals exhibit a range of rotational frequencies, 
varying about some average (or, better, most probable) value, known as 
the 1 natural” frequency of the system. This value will depend upon the 

temperature and the viscosity of the medium in which the dipoles are 
immersed. 


If an alternating field is applied across the assembly, its net orienta¬ 
tion at frequencies small compared with the natural frequency will be 



Fig. 5. Variation of dielectric constant and loss factor with frequency for a system of 

dipoles. 


relatively complete; whereas at very high frequencies the net orientation 
will vanish. As a result, the dielectric constant is highest at low fre¬ 
quencies and at a minimum at high frequencies, as pictured in Fig. 5. 

A second important characteristic of the dipole is its ability to absorb 
energy from the field during each cycle. The maximum energy absorp- 
trnn wil! occur at “resonance,” i.e., when the field frequency is identical 
with the natural frequency of the assembly. With decreasing field fre¬ 
quency, the absorption falls off to zero as static conditions are approached 
Correspondingly, it will fall off with higher frequency and approach 
zero as the assembly becomes unable to follow the field. The energv 
absorbed per cycle is measured by the engineering quantity loss factor 
A typical graph of its behavior with frequency is given in Fig 5 From 
the foregoing, it is evident that the exact shape of the curve depends upon 
nature of the dipoles and their size distribution, which for polymers is 
very broad. In general, there mil be a different curve of the same general 

altprrlt- V1SUallZ6 i thi f’ think of an ordin ary (direct-current) galvanometer in an 
atmg circuit. At low frequencies, it oscillates with the field but as the fro 

S Jorthea 1 T "7 “ ^ ° PP ° sing impulses succee ’ d each other too" 
rapidly for the galvanometer coil to start rotating in either direction 
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type for each temperature of test; and this curve will be shifted and 
altered by the addition of plasticizers, which affect the viscosity of the 
medium. 

In a dielectric contaminated with ionic impurities, an additional 
contribution is made to the loss factor that does not vanish with decreasing 
frequency, since the migrating ions exhibit direct-current conductivity . 
Such impurities, very undesirable for electrical applications, are always 
found in natural products and in emulsion polymers, which require 
careful washing for best electrical quality. Since electrolytes are most 
completely ionized in mediums of high dielectric constant, water (dielec¬ 
tric constant 80) magnifies their effect in destroying insulation resistance. 
A combination of the above is found in the buna N type polymers; 
emulsion polymerized and having a high dielectric constant, these invari¬ 
ably exhibit an excessive conductivity for electrical uses. 

Apart from practical considerations, the study of electrical properties 
is capable of giving the most important information about the structure 
of high polymers, since dielectric constant and loss factor can be related 
to the nature of chemical units comprising the polymer and their dynamic 

behavior. 



CHAPTER XI 

RUBBER AND THE SYNTHETIC ELASTOMERS (i Continued ) 

By Arthur M. Ross, Jr. 

Formerly of the General Electric Research Laboratory, Schenectady, New York; currently 

affiliated with Ross and Roberts, Inc., West Haven, Conn. 

COMPOUNDING. NATURAL RUBBER 

Rubbers, natural or Synthetic, are rarely used without the addition 

of compounding ingredients. A typical rubber compound comprises the 
following: 

Curing agents: 

Sulfur 

Accelerators 

Activators 

Consistency modifiers: 

Plasticators 
Softeners 
Tackifiers, etc. 

Fillers: 

Reinforcers 

Others 

* 

Antioxidants 
and sometimes, for specific purposes : 

Pigments Antiseptics 

Rubber substitutes Abrasives 

Odorants Resins 

1. Curing Agents. —Goodyear himself discovered that rubber-sulfur 
mixtures cured more rapidly when certain metallic oxides were added to 
the mix. In 1906, Oenslager found a marked increase in rate of cure 
when aniline and certain other organic amines and amino derivatives 
were utilized. A second advantage of using these accelerators was the 
possibility of reducing sulfur content with considerable improvement in 
e properties of the vulcanizate, especially with respect to aging. More 
recently a large number of organic compounds have been found that 
greatly accelerate cure rate, permit the reduction of added elementary 
suitur to minute amounts, and greatly improve the properties of the 

185 
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product, especially with respect to increased resistance to the effects of 
age. The accelerators that have been patented are very numerous, and 
only a few of the most successful types are listed in Table I. These are 
used in small quantities (order of 1 per cent by weight of rubber). 

Table I.—Organic Accelerators of Rubber Vulcanization 
Class Examples 

Aldehyde-amines Butyraldehy de-aniline 

Butyraldehyde-butylamine 
Guanidines Diphenyl guanidine 

Di-o-tolyl guanidine 

Dithiocarbamates Zinc dimethyl dithiocarbamate 

Dinitrophenyl dimethyldithiocarbamate 
Zinc dibutyl dithiocarbamate 
Piperidinium pentamethylene dithiocarbamate 
Thiuram sulfides Tetramethyl thiuram disulfide 

Tetramethyl thiuram sulfide 
Dipentamethylene thiuram tetrasulfide 
Thiazoles Mercaptobenzothiazole 

Benzothiazyl disulfide 
Zinc salt of mercaptobenzothiazole 
Others p-Quinone dioxime (for Butyl rubber) 

p-Quinone dianil (for Butyl rubber) 

Dicatechol borate (for Neoprene) 

From the early practice of using 5- to 6-hr. cures at 300°F., with 
high sulfur content (say 10 per cent), it is possible today to produce 
superior cures with 3 per cent sulfur in 10 min. at the same temperature. 
For certain requirements, cure time may be reduced to a matter of 
seconds at 300°F., or, where advisable, one may eliminate sulfur entirely, 
the necessary sulfur being liberated by the accelerator (thiuram sulfide 

types). 

It has been found with natural rubber that for rapid and satisfactory 
vulcanization the presence of a metallic oxide (such as zinc oxide) and of 
a fatty acid (such as stearic or lauric acids) is essential for the accelerator 
to produce its best effect. These materials are termed activators. It is 
general practice to add about 5 parts of zinc oxide and 1 part of stearic 

acid to 100 parts of rubber in most compounds. 

It has been found possible to vulcanize rubber without the use of 

sulfur in any form. Compounds that achieve this effect are trimtro- 
benzene, benzoyl peroxide, and certain benzoquinone derivations. None 
of these has been put to commercial use, since they do not, m general, 
produce vulcanizates of good quality. Their investigation has, however, 
laid a foundation for the study of nonsulfur vulcanization of synthetic 

rubbers, for some of which it appears to offer promise. 

2 . Consistency-modifying Agents.—It is unfortunate that the tern 

“plasticizer” has,in the rubber industry, been impressed into representing 
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a number of totally unrelated materials with very different purposes. 
We therefore resolve this heading into a number of subtypes. 

Plasticators .—This name has been suggested for a number of materials 
found to accelerate the rate of breakdown of natural rubber on masticat¬ 
ing, even when used in very small amounts (1 per cent or less). For 
natural rubber, certain of the mercaptans are effective. 

Softeners .—For improvement in processing and to give a product of 
softer consistency, it is frequently necessary to use materials of this 
class. Mineral oils, paraffin, pine tar, and numerous waxes are used for 
this purpose in compounding natural rubber. 

Others .—Some softening or plasticizing materials are added for the 
purpose of imparting tackiness to the compound (a property that may be 
required of it in processing operations); this application calls for liquids 
in which rubber is relatively soluble. Other uses call for lubricants, 
to prevent the compound from sticking to itself or to processing equip¬ 
ment. Such lubricants should evidently be sought among materials 
that are sparingly soluble in rubber. 

3. Fillers.—The incorporation of finely divided powders into rubber 

is as old as the art of vulcanization, and most of the familiar rubber 

articles of commerce are prepared from rubber so compounded. The 

fillers most frequently employed are carbon blacks, zinc oxide, clays, 

. whiting, talc, barytes, blanc fixe, lithopone, and titanium dioxide. There 

are several varieties of each type available, generally of varying origin, 

degree of sub-division, and freedom from moisture and electrolytes. 

Rubber will tolerate very large concentrations (as high as equal volumes) 

of most fillers, before losing flexibility. Certain types of carbon black 
are exceptional in this respect. 

The most important of the fillers for natural rubber is channel car¬ 
bon black, made by the incomplete combustion of natural gas, and largely 
used for tire-tread stocks. So-called “hard” channel black enhances 
the tensile strength of rubber (roughly from 4,000 p.s.i. for a high-strength 
gum rubber to 5,000 p.s.i. when 25 volumes of black is added per 100 
volumes of rubber hydrocarbon) and particularly increases its resistance 
to tear (approximately from 250 to 650 lb. per in. of thickness for the 
above stocks). Concomitant with this, however, there is a marked 
decrease in resilience. Hard channel black also presents problems in proc¬ 
essing since it decreases the plasticity of milled rubber, and its incorpora¬ 
tion is attended by the generation of considerable heat. None of the 
other fillers approaches channel carbons in their ability to reinforce rub¬ 
ber, and they must be set in a class by themselves. 

It cannot be said that the mechanism of reinforcement by carbon 
black is well understood. Most striking, however, is the effect of particle 
size. The hard channel blacks are very finely divided, with an average 
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particle diameter of 28 microns. “Softer” channel blacks, furnace 
blacks, and thermal-decomposition blacks are made in a wide range of 
particle sizes, the reinforcing effect fading off (but the resilience improving) 
with increasing particle diameters and vanishing for blacks as coarse 
as 100 to 350 microns. It has been suggested that reinforcing blacks 
function by furnishing nuclei for the crystallization of the elastomer under 
stress, thus producing a more highly oriented and stronger material. 
It appears certain that other factors must enter into the reinforcing 
effect. There is evidence, in their anomalous electrical behavior, that 
carbon blacks form a kind of netlike structure in the rubber matrix. In 
addition the nature of the carbon black surface is of importance, the 
reinforcing effect being altered by removal of hydrocarbon impurities 
adsorbed on the particles. 

Although we cannot as yet completely clarify the action of carbon 
black, there is good evidence to indicate those properties of any filler 
which are detrimental to the tensile strength of rubber. Coarse par¬ 
ticles, for example, behave as imperfections in the rubber specimen and 
lead to failure at relatively low stresses. Irregular and elongated particle 
shapes invariably reduce tensile strength, as do fillers that are not leadily 

“wet” by rubber. 

When a specimen of gum rubber is stretched, there results a small 
diminution in total volume (about 3 per cent at breaking elongations) 
as a consequence of crystallization. When compounds containing 
mineral fillers are so tested, an increase of volume is generally observed, 
the increment being larger the more coarse, irregular, and elongated 
the filler particles. This volume increase can be attributed only to the 
tearing of voids in the rubber matrix by the filler particles as they seek 
to orient themselves in the direction of stress. The low tensile strength 
and high permanent set of rubbers loaded with anisotropic powders can 
be attributed to this mechanism. We may expect the best tensile 
properties in compounds loaded with fillers having minimum partic e 
size, shapes as closely approaching the spherical as possible, and suitable 


surface characteristics. , 

The chemical and physical properties of the filler as such are also 

importance. Thus the high conductivity of carbon prevents the use of 

carbon-black stocks in electrical insulation but invites their utilisation 

in places where the occurrence of static electrical charges are to be avoided, 

as, for example, in hospital anesthesia rooms or m explosives* h * 

equipment. Some of the fillers are hygroscopic and promote tinateop 

tion of water. The effects of fillers on alternating-current electrical 

properties are rather well understood; they can be calculated^ from th 

concentration in the rubber. Carbon blacks, however, are exceptronal. 




I 
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4. Antioxidants.—Investigations of natural rubber have shown that, 
like many unsaturated substances, it is an autoxidizable compound. 
The significance of this term is that rubber combines with oxygen to give 
products (such as peroxides) that are more potent agents of oxidation 
than oxygen itself. And thus, in a sense, the unsaturated elastomers 
are the instruments of their own destruction. A means of preventing 
this autoxidation is to inhibit the formation of the active intermediate 
compound, or to ensure its decomposition before it can destroy the 
polymeric chain. This is, in general, the function of the antioxidant. 
A very large number of materials has been recommended for antioxidant 
activity; a few of the most important types are listed in Table II. Mate¬ 
rials such as the above are generally used in proportions of 1 to 5 per 
cent on the rubber. 

Table II. —Rubber Antioxidants 


Class Examples 

Phenols. p-Hydroxy diphenyl 

Amines, primary. ?^Toluene diamine 

p,p'-Diaminodiphenyl methane 


Amines, secondary. . . A^A'di-o-tolylethylenediamine 

p-(p-toluenesulfonylamino) phenyl p-tolylamine 
Phenyl-/3-naphthylamine 


Aminophenols. p-Aminophenol 

Aldehyde amines, etc. Acetaldehyde-aniline 

Acetone-aniline reaction product 

Others. di-o-Tolylguanidine dicatechol borate 

2-mercaptobenzimidazole 


COMPOUNDING. SYNTHETIC RUBBERS 

1. Thiokol.—The two types of polysulfide rubber that are of most 
interest at present are those designated as Thiokol FA and Thiokol ST. 

. Of these, Thiokol FA is somewhat the more solvent resistant, while 
Thiokol ST is less susceptible to embrittlement at low temperatures. 
Both of these rubbers undergo vulcanization by appropriate treatment, 
as evidenced by increase in tensile strength and reduction of plasticity. 
For Thiokol FA, as in most of the other polysulfide rubbers, metallic 
oxides, especially zinc oxide (10 parts), are the only requisite vulcanizing 
agents, sulfur acting as an accelerator if this is necessary. Presumably, 
cure is accomplished by reaction of the metal oxide with the sulfur atoms 
of the polymeric chain to produce either further condensation or cross 
linking, or both. A combination of mercaptobenzothiazyl disulfide 
(approximately 0.3 part) and diphenyl guanidine (0.1 part) is suitable 
for plasticating the mixed stock. Stearic acid is used as a lubricant. 
Channel blacks stiffen but do not reinforce Thiokol FA, and the semi- 
remforcing or soft blacks are always employed. Zinc oxide is the only 







190 


FUNDAMENTALS OF PLASTICS 


recommended mineral filler. Antioxidants fulfill no necessary function 
in this saturated rubber. 

Thiokol ST is best vulcanized by a combination of p-quinone dioxime 
and zinc oxide (approximately 1.5 and 0.5 parts, respectively), though 
zinc peroxide has been recommended either alone or in this combination. 
Since mercaptobenzothiazyl disulfide inhibits cure, it cannot be used as a 
plasticator, and for this reason a liquid polymer of the same composition 
as Thiokol ST is used as a plasticizer. Stearic acid acts to lubricate 
mixed stocks and also appears to increase stability on storage. As in 
Thiokol FA, the semireinforcing blacks are the most satisfactory fillers. 

The use of peroxide-quinone dioxime and similar combinations for 
vulcanization (see also Butyl Rubber below) is a recent technique that 
seems applicable to saturated elastomers for effecting vulcanization. It 
appears that the vulcanization process must involve oxidation of pairs 
of chain hydrogen atoms, the quinone dioxime residue acting as a cross 
link between chains. Very little is known about the actual mechanism, 
and its practical behavior is very different from that of ordinary sulfur 
or sulfur-acelerator cures. The peroxide-quinone dioxime vulcanizates 
of the unsaturated rubbers have unsatisfactory properties, especially 
with respect to aging. 

2. Neoprenes.—The several types of Neoprene offered today differ 
among themselves in consistency, rate of cure, and other properties. 
Type E, the first of the improved Neoprenes, is a relatively slow-curing 
variety. By and large it has been surpassed in general usefulness by 
the all-purpose Type GN. Types KNR and CG are lower-molecular- 
weight products suitable for cements and similar applications. Type 
FR differs chemically from the other polymers and is intended principally 
for use at low temperatures at which it remains more flexible than the 
other varieties. Type M (similar to E except in antioxidant used) and 
Type G (similar to GN except presoftened by the manufacturer) do not 

warrant separate consideration here. 

These polymers differ more from natural rubber than their structural 

formulas might lead us to believe. The fact that polychloroprene may 
“cure” without the agency of added vulcanizing agents suggests that the 
process involves simple continuation of polymerization. On the other 
hand, the vulcanization of the Neoprenes is greatly accelerated by the 
addition of metallic oxides, so that actually cross linking may occur by 
reaction between polymer halogen atoms and the metallic oxide. 

In general, Neoprenes call for the use of magnesium oxide* (5 to 10 
parts) or litharge (10 to 20 parts). It is remarkable that most of the 
common rubber accelerators act as retarders of vulcanization m tne 


* Extra-light calcined grade. 
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Neoprenes, whereas sulfur behaves as an accelerator, as do certain 
catechol derivatives (used sometimes as antioxidants in rubber). Sulfur 
(1 per cent) is essential for the best properties of Neoprene FR vul- 
canizates but generally gives poor aging qualities in other Neoprene 

compounds. 

Plasticators are not necessary in the newer types of Neoprene, but 
di-p-tolyl guanidine or butyraldehyde-aniline may be used to reduce the 
mastication time for Type GN. Softeners are frequently used to lower 
the hardness of vulcanizates and are generally chosen from among the 
coal-tar and aromatic petroleum oils. For freeze resistance, lacquer- 
type plasticizers are useful, particularly in Neoprene FR. 

With respect to fillers, the “regular” Neoprenes differ markedly from 
Neoprene FR. They are not reinforced by channel blacks, but fillers 
(coarser blacks and mineral types) are generally required for proper 
hardness and modulus. Channel blacks do, however, improve tear 
resistance. Type FR, on the other hand, requires fillers for adequate 
tensile strength. Thus a “pure gum” compound having only 250 p.s.i. 
tensile strength is reinforced by the addition of fillers comewhat as fol¬ 
lows: channel black, 2,500 p.s.i.; soft thermal black, 1,800 p.s.i.; hard 
clay, 2,000 p.s.i. 

Compounding with antioxidants does not differ greatly from ordinary 
rubber practice. 

3. Buna S Types.—These rubbers parallel, in general, the behavior 
of natural rubber with respect to vulcanization. The same or similar 
combinations of sulfur, accelerator, and activator are effective in their 
cure, with min or differences. It must be assumed that similar vulcaniza- 
tion mechanisms operate. 

Various chemical plasticators, including mercaptans, have been recom¬ 
mended, and a very large number of softeners are now being marketed, 
generally for the purpose of improving the processing consistency of 
buna S. Inexpensive hydrocarbon softeners appear to be the most 
satisfactory. 

Present-day butadiene-styrene copolymers yield “pure-gum” com¬ 
pounds of very low tensile strength (resembling Neoprene FR, see above), 
usually in the neighborhood of 300 to 500 p.s.i., but with carbon blacks 
it is not difficult to attain 3,000 p.s.i. Even fillers that are nonreinforcing 
in natural rubber, such as some of the clays and whitings, may produce 
great improvement (1,200 to 1,500 p.s.i.). Because of excessive heat of 
mixing in process or heat of flexing in tire operation, GR-S rubber has 
required the production of tremendous quantities of the coarser (semi¬ 
reinforcing) carbon blacks. 

Antioxidant (about 3 per cent) included in the rubber from the manu¬ 
facturer usually makes unnecessary the use of further protective measures. 
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4. Buna N Types.—These are similar to buna S and natural rubber 
in vulcanization behavior. Softeners are ordinarily used in large quanti¬ 
ties, maintaining adequate flexibility and resilience even with large 
loadings of carbon black. The tolerance of these rubbers for aromatic 
and lacquer-type plasticizers is very great. Carbon blacks, hard or soft 

are of the most interest; without fillers, the butadiene-acrylonitrile 

polymers lack sufficient tensile strength. Antioxidant is included in 
sufficient quantity during manufacture. 

5. Butyl Rubber.—The low concentration of double bonds in Butyl 
rubber results in long cure times even with the most active conventional 
acceleration. An interesting discovery is the fact that certain quinone 
derivatives (such as p-quinone dioxime) in conjunction with peroxidic 
materials (such as lead peroxide) can produce very rapid cures in Butyl 
rubber, their tendency to cure at relatively low temperatures being 
actually a source of difficulty. Further study of this new type of vul¬ 
canization will almost undoubtedly result in valuable processes and 
products. Softeners may be used (for improved processing only), but 
it is essential to avoid any unsaturated materials, all of which inhibit 
cure seriously. 

Butyl rubber is not reinforced by carbon black in the sense that its 
tensile strength diminishes uniformly with increasing loadings. Chan¬ 
nel blacks, however, greatly improve tear resistance, and fillers, in general, 
are necessary to raise the modulus of this soft rubber. 

Antioxidants are not essential in a nearly saturated rubber, but a 
sufficient quantity is incorporated by the manufacturer for safety in 

the event of long storage of the raw gum. 

The relatively large effect of fillers on the tensile properties of the 
butadiene copolymer rubbers and Neoprene FR (as compared with 
natural rubber) appears to raise new questions as to the mechanism of 
filler reinforcement. The peculiarity, however, may belong to the elas¬ 
tomers rather than to the filler. This is indicated by the fact that certain 
diluents also have an enhancing effect on the tensile properties of GR-S. 
For example, the incorporation of 40 volumes of blown asphalt (which in 
natural rubber would reduce the tensile strength to about 75 per cent of 
its original value) approximately quadruples the tensile strength of 
butadiene-styrene copolymer. Dilution and loading with fillers may 
function by distributing stresses that tend to concentrate unfavorably as 


a result of cross linking in the elastomers. 

Rubber technology is greatly complicated by the fact that the various 

ingredients of the rubber mix exert influences upon each other that make 
it difficult to predict the properties of mixtures from the behavior of 
their individual components in simpler combinations. For example, 
some antioxidants and fillers (notably carbon blacks) act as retarders. 
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Table III.—Compounding of Natural and Synthetic Rubbers 


Natural rubber 


Rubber (smoked sheet) 
Rubber (reclaimed) 

Zinc oxide. 

Stearic acid. 

Sulfur. 

Captax*. 

Altaxf. 

Zimatef.'. 

Antioxidants... 

Softener. 

Channel black. 

Soft black (thermal)... 

Whiting. 

Clay. 


Tire 

tread 


100 


Cure time. 

Cure temperature, °F 
lb. steam. 


Approx, tensile strength, p.s.i 


50 min. 
274 
(30) 
4,800 


Tire 

tube 

Wire 

insulation 

Shoe 

soling 

100 

100 

07 

— 

— 

07 

3 

75 

2 

1 

0.5 

1 

0.5 

0.75 

2 

3.75 

0.75 

0.5 

1 

0.15 

0.5 

0.125 

2 

1.5 

1 

2 

3 

4 

— 

— 

75 

40 

— 

— 

— 

75 

— - 

— 

50 

— 

4 min. 

10 sec. 

12 min. 

307 

388 

310 

(CO) 

(200) 

(70) 

4,000 

2,000 

2,800 



Synthetic rubbers 


Rubber. 

Zinc oxide. 

Magnesium oxide.... 

Stearic acid. 

Antioxidants. 

Softeners. 

Semireinforcing black 


Cure time, min. 

Temperature, deg. F.. 

lb. steam. . 

Approx, tensile straight, p.s.i.. j 



Rubber. 

Zinc oxide. 

Stearic acid. 

Sulfur. 

Captax*. 

Altaxf. 

Tuads§. 

Semireinforcing black 
Aromatic softener.. .. 


Buna N 
general 
purpose 


100 

5 

1 

1.5 


Cure time, min. 

Temperature, deg. F. 

lb. steam. 

Approx, tensile strength, p.s.i 


* Mercaptobenzothiazole. 
t Mercaptobenzothiazyl disulfide. 
t Zinc dimethyl dithiocarbamate. 
§ Tetramethyl thiuram disulfide. 


Buna S 
tire 
tread 


100 

5 

3 

3 

1.5 


Butyl 

tiro 

tread 

100 

5 

3 

2 

0.5 


110 

50 40 

35 

5 — 

60 

90 60 

287 

287 307 

(40) 

(40) (60) 

2,000 

2,800 2,200 
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and certain fillers accelerate cure. An acclerator may promote deteriora¬ 
tion on aging, and a plasticizer may act to consume sulfur intended for 
vulcanization. It is perhaps, this mutual interference that makes rubber 
compounding more an art than a science. 

Contrary to practice in the plastics industry, the rubber compound 
is almost always made at the fabricating plant, however small this may 
be. A natural consequence of this has been the development of an 
enormous number of compounds, many for each one of the very numerous 
specifications and applications for flexible or elastic articles. It is 
beyond the scope of this book to indicate more than briefly the nature of 
these compounds; for example, in the manufacture of a first-grade auto¬ 
motive tire the use of six different rubber compounds and one or two 
cements is usual. Table III presents a few typical natural- and syn¬ 
thetic-rubber compounds designed for practical use. For further infor¬ 
mation, the reader is referred to the very voluminous literature on rubber 
compounding (see page 211). 

In this table, several types of compound are given for natural rubber, 
typical of the wide variations found in the industry with respect to cure 
rate, tensile strength, filler constant, etc. A few representative syn¬ 
thetic rubber compounds are given representing the tough tire-tread 
type of compound most commonly used industrially. The data are 

selected from the literature as typical. 

PROCESSING 

The preparation of a rubber compound resembles in its essential 
respects that of a plastic. The first stage in this process, however, 
consists in the mastication of the raw rubber. We have already men¬ 
tioned the oxidative breakdown that natural rubber undergoes at room 
temperature (see page 179) and have pointed out that this type of , 
breakdown is not found in most of the synthetic rubbers. Certain 
Neoprenes become temporarily soft after rather brief mastication, an 
hot breakdown has been used to improve the plasticity of GR-S and buna 
N. However, little study has been made of the changes of molecular 
weight that accompany “breakdown” of synthetic rubbers. The use 
of chemical additives to assist mastication has already been discussed. 

Large plants generally keep on hand quantities of rubber broken own 
to a degree to suit the various phases of their operations. The or on 
plasticator, essentially a giant meat grinder, is useful for the continuous 
production of broken-down rubber, and equipment is available to 
automatically reducing the softened elastomer to pellets that can 
dusted and stored in a mobile form. SmaHer plants custom Y 
the Banbury mixer or rubber compounding rolls for break own p 

The mixing of the rubber compound is generally carried ou 
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Banbury mixer. .This consists of a pair of convoluted rotors that w oi k 
within a casing closed at the top by a compressed-air-operated ram (to 
keep pressure on the contents) and at the bottom by a sliding door that 
may be opened to discharge the contents of the mixer. 1 hcsc are avail¬ 
able in large capacities and are supplied with very powerful drives, the 
largest holding approximately 10 cu. ft. of stock and equipped with a 
600-lip. motor. The order of addition of the various ingredients is best 
determined by trial and error, except that the rubber is always added 



Fig. 1.—Milling rubber on a two-roll mill. (The Goodyear Tire & Rubber Company.) 


first (and is generally followed by softeners, then fillers, etc.). In some 
types of manufacturing operation, it is customary to break down the 
rubber in the Banbury, adding the compounding ingredients after a 
predetermined period of mastication. For stocks that must be very 
rapid curing (such as in wire insulations for continuous vulcanization), 
it is usual to omit the addition of part or all of the curing agents at this 
stage. Wire-insulation compounds are almost invariably strained by 
forcing the heated stock through fine-mesh screens in a screw-fed strainer 
directly after mixing. It is customary to hold mixed stocks in storage 
for a period of a few days before use. 
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Lhe rubber null (Fig. 1) also commonly used in plastics processing 
consists ol a pair of steel rolls mounted horizontally in frames that per¬ 
mit adjustment of their distance of separation. The rolls are geared to 
rotate in opposite senses, so that the rubber stock is forced between them 
and can be made to form a continuous band about one of the rolls. It 
is usual in rubber practice to have one roll rotate more rapidly than the 



I i*i. IImM'it «• x1ruder, 
which • • x f 111 • I»flu* t n*:u I t«> tl 
given i Imien-ii iii.-i. I ho t rein I 


The (rend stock is fed into :i hopper on top of the machine, 
i * * pmper size l»y forcing the rubber stock through a die of 
stock is then cut to the proper lengths. {The Firestone Tire 







nt Ik t (;i gear ratio of 1.2:1 is common), and the action ot such a mill is 
ton.mjircNS i Ik* rubber and subject ii to powerful shearing stresses between 
ii,,. n»||i*|-s. Iviibbcr-proccssing rolls are equipped with internal cooling 
water to dissipate the heat of mixing and, when necessary, with steam 
tn allow hot milling. Before the forming operation, the stored rubber 
stock is “warmed up” on such rolls to reduce it to a consistency suitable 
|nr calendering or extrusion. W ire insulating stocks have their vulcaniz¬ 
ing ingredients added on the rubber null at this point. 
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After warm-up, the softened rubber compound is taken to the extru¬ 
sion machine (Fig. 2) for the forming of tubing, tire treads (camel-back), 
insulated wires, and the like, or to the calender for forming sheet, tapes, 
or friction-coated fabrics and tire cords. The rubber extruder, like the 
Gordon Plasticator, operates by means of a worm rotating in a cylinder. 
The compound is forced along the cylinder and through appropriate 
shaping dies at its far end. Machines for insulating wire for cables or 
tire beads are equipped to feed wire through the die, and the rubber is 
formed around it. 



Fig. 3.—Tire build-up being loaded into mold for molding and curing. (The Goodyear 

Tire & Rubber Company.) 

The simplest type of three-roll calender is constructed and operated 
so as to permit a slab of softened rubber compound to be fed between 
the first pair of rolls, around the lower of the rolls to the second pair, and 
thence to a take-up roller. It is possible to run the rolls either at equal 
speeds (for preparing smooth tapes or superficially coated fabrics) or at 
different speeds (to produce a frictioning effect for making fabrics that 
are impregnated with rubber). Four-roll calenders permit more complex 
operations. 

The forms thus made by extrusion or calendering are dusted or wound 
up with liner cloths to prevent adhesion and then pass to a subsequent 
stage of operation. In tire building, extrusion-covered wire beads, 
calendered cords, and extruded tread stocks are built into shape on cylin- 
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drical forms and loaded into neated molds (Fig. 3) bearing the pattern 

of the tread design on their inner surfaces. Internal pressure is provided 

by means of rubber “bags,” shaped like inner tubes, which are inflated 

with air. Relatively long times of cure and low temperatures are used 

(20 to 60 min. at 274 to 287°F.) to permit uniform curing of the heavy 
mass. 

Several means are available for the curing of wires and cables insulated 
by extrusion; for smaller size wires, it has become common practice to 
pass directly from the extruder into a long heated pipe (in which high- 
pressure steam is confined by ingenious seals) through which the wire 
passes to a take-up arrangement at its far end. Such cures may be 
accomplished in as short a passage time as 20 sec. at 375 to 400°F. 
Otherwise, the wire or cable may be coiled in pans filled with talc and 
loaded into open-steam vulcanizing autoclaves; or cables may be taped 
and rolled onto a drum, or coated with lead and subsequently cured in 
steam. Hose may be cured by passage of live steam through it. 

Small molded articles may be made from “preforms” sliced from an 

appropriately shaped extruded rod, or punched from slabs of uncured 

% 

rubber. Molding is carried out at relatively low pressures in well-vented 
molds. Boots and shoes, formed on a last from calendered fabrics and 
sheeted rubber, are customarily cured in hot-air circulating ovens. Use 
has been made in appropriate instances of so-called self-curing compounds 
which cure in a day or two at room temperature. 

Rubber cements containing dissolved and dispersed compounding 
ingredients have long been used for the coating of fabrics as well as for 
adhesives. Such cements may contain simple rubber dispersions, or 
may be heavily loaded with fillers. They are applied in impregnating 
baths or with the use of “squeeze rolls” or “spreaders.” 

Latex.—We have thus far omitted discussion of natural or synthetic 
rubber latices which have a growing importance for certain types of 
application, especially in the manufacture of thin rubber articles and 

coatings. 

Natural rubber latex as collected from the tree contains approxi¬ 
mately 36 per cent of rubber plus resins, proteins, and salts, amounting 
to about 3 per cent by weight. It is customarily stabilized against bac¬ 
terial action by the addition of approximately 1 per cent of ammonia 
or other preservative and is, for the production of crude rubber, coagu¬ 
lated with acids, generally acetic or formic. For shipment and use as 
latex, the plantation product is concentrated to about 60 per cent solids 
by centrifuging or creaming. The latter process involves the addition 
of colloids (such as vegetable gums or ammonium alginate), which pro¬ 
mote the separation of latex into cream and serum. The lighter (cream) 
fraction rises to the top and contains about 60 per cent of rubber. With 
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appropriate precautions, latex may be concentrated by evaporation at 
elevated temperatures to give a very viscous product containing 70 to 
75 per cent rubber hydrocarbon. As stabilizers against premature coag¬ 
ulation, alkalies or certain colloids, such as casein, are added. Other 
compounding ingredients are used to thicken latex or to improve its 
wetting properties where these effects are necessary. Vulcanizing agents 
(sulfur, activators, and accelerators), antioxidants, fillers, and softeners 
are added, generally in the form of aqueous dispersions made by mixing 
the ingredients in water containing a dispersing agent or, where necessary, 
by passing the slurry through a colloid mill or rolling it in a ball mill. 

Manufacturing methods for articles from rubber latex are very 
numerous and varied. Simple dipping and drying on either impermeable 
or porous forms has given way to alternate dipping of such forms in latex 
followed by a coagulant solution (usually comprising acids or multivalent 
metal salts in alcohol). Latex may be gelled by the addition of suitablo 
agents, of which sodium fluosilicate is an example. Such gels have com 
siderable mechanical strength and dry without much distortion, so that 
latex may be gelled in appropriate molds. By whipping in air and 
promptly adding gelling agents, it is possible to prepai’e foam-rubber 
articles. Rubber thread may be made by flowing latex through ori¬ 
fices into coagulating baths. The fluid latex may be used for an adhesive 
(as in the shoe industry) or for the direct treatment of fabrics, as a sub¬ 
stitute for solvent cements. Latex-insulated wire is made by repeated 
passage of conductors through latex, each followed by a drying opera¬ 
tion. Vulcanized films from natural latex commonly have tensile 
strengths of 5,000 p.s.i. 

An unusual development in latex technology is prevulcanized latex, 
essentially latex that has been reacted with vulcanizing quantities of 
sulfur and accelerator prior to use. If this seems paradoxical, it may be 
somewhat clarified by the fact that films prepared directly from raw 
latex exhibit very considerable tensile strength after drying (over 2,000 
p.s.i.). 


The most striking advantages in using latex stem from the high 
stx-ength of rubber that has never undergone the degradation consequent 
to milling and in the avoidance of costly and toxic solvents. Since 
some of the Neoprenes and the buna S and buna N type rubbers are 
made in emulsion, latices of these rubbers are available and promise 
widespread future application. Use of Neoprene latex for all sorts of 
articles is already popular, particularly because of the inherent oil resist¬ 
ance of the polychloroprene rubbers. Films from the raw latex exhibit 
tensile strengths above 2,000 p.s.i.; when properly compounded and cured 
the tensile strength may exceed 4,000 p.s.i. In the butadiene-styrene 
copolymer field, considerable interest has been a.rnnspH in t.Vip nmopcc rvf 
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mixing carbon blacks with the latex prior to coagulation, superior dis¬ 
persion of filler and enhanced properties in the product being claimed for 
this as against mill mixing. 


TESTING METHODS 

1. Plasticity.—The chief property of importance in the processing of 
a rubber stock is its plasticity, and for determining it several instruments 



Fig. 4. —Goodrich plastometer. (Black Rock Manufacturing Company, Bridgeport, 

Conn.) 


have been designed and are in common use. These instruments fall 
into three categories. The first are the so-called parallel-plate plasto- 
meters which compress a specimen of rubber of predetermined size and 
shape between loaded plates at a definite temperature. The extent of 
deformation thus produced is measured by a gauge attached to the 
apparatus. After a definite time, the deformation is recorded, the load 
removed, and the specimen permitted to recover for a definite period after 
which the thickness is again measured. The uncompressed thickness, 
and the final recovered thickness are used to calculate values that 
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correspond to the plasticity and elasticity of the rubber stock, the 
Williams and Goodrich Plastometers are examples of this type ot plasto- 


meter (see Fig. 4). 

The Mooney Plastometer (Fig. 5) is designed to measure the con¬ 
sistency of a rubber stock in much the same way as the MacMichael 
Viscometer measures the viscosity of liquids. Essentially it consists of 



Fig. 5 .—Mooney plastometer. (Scott Testers , Inc.) 


a disk-shaped mold having corrugated inner surfaces, within which a 
corrugated rotor turns at a definite speed. The resistance to rotation is 
indicated on a dial coupled to the drive mechanism. Arrangements are 
made to keep the specimen at a uniform adjustable temperature, and the 
closing of the mold automatically forms the specimen under test from 
rough slabs inserted between the upper and lower halves of the mold 
and the rotor. The Mooney instrument thus measures the consistency 
of rubber while it is in the process of being “worked.” 




202 


FUNDAMENTALS OF PLASTICS 


The Firestone Plastometer actually performs the operation of extrud¬ 
ing a known volume of rubber through an orifice at a definite pressure 

and temperature, the time to extrude being used to calculate the plasticity 
of the compound. 

None of the above instruments can be said to answer all the practical 
and certainly not all the more theoretical, questions involved in the con¬ 
sistency of mixed rubber. The rubber compound is, in fact, an exceed¬ 
ingly complex colloidal system whose plastic and elastic properties are 
subject to a very large number of variables. Unlike the Newtonian 
liquids, they do not possess a definite viscosity, their rate of flow not being 
directly proportional to the shearing stress. Rubber compounds also 
exhibit the property known as yield point, a critical stress below which 
flow does not take place. They are, moreover, markedly “thixotropic,” 

i.e., their consistency changes with the time of mechanical “working” 
even under conditions where breakdown in the oxidative sense does not 
take place. Breakdown must also be considered as an affective variable, 
under ordinary conditions. Moreover, in accelerated stocks, the phe¬ 
nomenon of precure may complicate measurements during the period of 
test. The dependence of plasticity on temperature is very great. 

In view of these very numerous complications, it is not a simple 
matter to resolve the questions pertaining to the consistency of rubber 
stocks. Ordinarily, some empirical relationship may be established 
between plastometer indications and the processing properties found in 
factory practice. Unfortunately, synthetic rubbers frequently do not 
conform to previous experience, nor does a particular synthetic rubber 
always give consistent relationships between laboratory measurement of 
plasticity and factory results. On the logical premise that the testing 
instrument, since it cannot be “absolute,” should conform as closely as 
possible to factory conditions, the Firestone Plastometer should be best. 
It has the advantage of producing shearing stresses that are closer in 
magnitude to those produced in factory equipment than do the other 

plastometers. 

2. Hardness.—The hardness of cured rubber specimens is most com- 
monly measured by the Shore Durometer, a small portable instrument 
that measures the depth of penetration of a needle of prescribed shape 
actuated by a spring of known characteristics. The A.S.T.M. and 
Pusey and Jones instruments, actuated by dead weights, do this same 
operation in a far more precise way. In any event, the hardness number 
obtained is not absolute in any sense but depends entirely upon the 

instrument used. 

3. Stress-strain Characteristics. Tensile Strength. —The standard 
tensile-testing machine for rubber (Fig. 6) comprises a pair of jaws 
arranged so that the lower jaw is pulled away from the upper at a fixed 
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rate. The upper jaw is coupled to a weighted pendulum whose dis¬ 
placement measures the load on the system. The jaws are equipped to 
hold either ring- or dumbbell-shaped specimens punched out of sheet 
rubber. For ring specimens an automatic recorder plots jaw separation 
(elongation) versus load to give the stress-strain curve. For dumbbell 
specimens, lines spaced exactly 1 or 2 in. are ruled across the narrow 


section of the specimen, and the elon¬ 
gations noted by comparison with a 
ruler held against the specimen. A 
semiautomatic device permits the re¬ 
cording of elongation versus lpad. In 
practical use, the entire stress-strain 
curve is rarely reported, and simply the 
values of the stress (calculated on the 
original cross section of the specimen) 
at some definite elongation (usually 300 
or 400 per cent), the stress at rupture, 
and the elongation at rupture are 
reported. These are designated as 
modulus, tensile strength, and elongation, 
respectively. Because of the complica¬ 
tion of plastic flow during test, these 
values depend on the rate of jaw sepa¬ 
ration, and they are also influenced by 
the shape and thickness of the speci¬ 
mens, as well as the temperature. It 
is thus important that standard meth¬ 
ods be used and all conditions properly 
specified. The value of tensile strength 
as a measure of rubber quality has 
been cast into doubt particularly by 
the advent of synthetic rubbers which 
may give inferior tensile strengths but 
excellent properties in a rubber article. 



However, since the measurement is 
convenient and has a strong appeal 


Fig. 6. —Tensile-testing machine for 
rubber. (Scott Testers , Inc.) 


to the intuition, it will probably be used as a criterion even for applica¬ 
tions in which the amount of elongation encountered is far short of that 


necessary to produce breaking stress. 


The testing of tensile strengths at other than room temperature has 
not been commonly carried out for control purposes. Natural rubber 
exhibits a marked decrease in tensile strength with increasing tempera¬ 
ture, but not nearly so seriously as do the butadiene-styrene copolymer 
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rubbers. Tensile testing at elevated temperatures has become more 
important, therefore, particularly because of the high temperature that 
heavy truck tires reach in operation due to repeated flexing (see page 205). 

4. Permanent Set. —Permanent set designates that part of the defor¬ 
mation of a rubber specimen that does not vanish after relief of stress. 
Elongation set is measured by several techniques, identical in the sense 


that the sample is stretched to a 
definite elongation, at a fixed rate, 
released, allowed to relax for a defi¬ 
nite time, and the increase over the 



Fio. 7 .—Elongation permanent set tester. 

(Aminco.) 



Fig. 8.—Compression permanent set tester. 

(Aminco.) 


original length noted. Since this property actually measures plastic 
flow, it is a function of the extent of vulcanization. Anisotropic fillers 
tend to increase permanent set since they are oriented by the initial 
elongation and generally do not return to their original distribution 
completely. Compression permanent set is of interest for rubber com¬ 
pounds used in compression, such as shock mountings and gaskets. It 
is measured by noting the permanent change in thickness of specimens 
compressed under constant load or to constant deformation, at a fixed 


temperature and for a definite time. 

6. Dynamic Properties. Hysteresis. 


rubber are of importance where it is used for shock mountings and 


The dynamic properties of 

nore 
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especially for tires which, in use, undergo a complicated type of elastic 
deformation. When stress-strain curves are run on extension and retrac¬ 
tion of a single specimen of rubber, the two curves traced do not coin¬ 
cide, the retraction curve lying below that for extension. Even after 
correcting for permanent set, it is obvious that all the energy of extension 
is not completely recovered on retraction. In cyclical deformation 
processes, this energy appears as heat in the specimen, and it is responsi¬ 
ble for the rise in temperature of specimens subject to repeated stresses. 
The complex elastic behavior of a rubber sample may most clearly be 
analyzed by using an analogous mechanical model comprising springs 
(which represent the purely elastic character of the rubber) and dash- 
pots (which represent the plastic components of its behavior). A simple 
model of this type is pictured in Fig. 9. In this representation, the first 
(weak) spring represents the “ideal-gas” type of elasticity displayed by 
our kinetic model of the rubber 
molecule. The second (strong) 
spring, on the other hand, is 
coupled with a dashpot and its 
elongation is accompanied by 
energy loss in the viscous liquid 
of the dashpot. The second 
dashpot represents the permanent 
set that the specimen undergoes on stretching. This hypothetical 
system will exhibit many of the characteristics of a rubber specimen. 
For example, its extension-retraction curves will be characterized by a 
hysteresis loop that depends upon the temperature, and its dynamic 
properties will depend upon the frequency; theoretical analysis of such 
models and the thermodynamic study of rubber elasticity have given 
results of considerable value to the understanding of natural and synthetic 
rubber behavior in tires and shock mounts. 

Many types of hysteresis test have been designed and are in common 
use; essentially they are all similar in that they measure the energy dis¬ 
sipated in the sample during extension and retraction or compression 
and recovery. One type of instrument uses the percentage rebound of 
a pendulum that strikes the test specimen; another type measures the 
temperature rise of a standard specimen that undergoes repeated com¬ 
pression, a third measures the damping effect of a rubber specimen on 
the oscillation of a pendulum system (Fig. 10). 

6. Aging Tests. Since tensile strength, modulus, and elongation are 
taken as indices of rubber quality, it is natural that their change with 
time under various conditions should be used as a measure of deteriora¬ 
tion. The conditions of artificial aging are rather numerous, but those 
most commonly used are the circulating-air oven at various tempera- 


Weak 

spring 


Strong spring 


■Dashpot 




''COM 


Dashpot- 



Fig. 9 
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tures and the air bomb and oxygen bomb (Fig. 11) at various tempera¬ 
tures and pressures. For natural rubber, the results of these tests have 
been in some cases correlated with deterioration found in actual use. 
On the other hand, the synthetic rubbers are frequently affected in very 
different ways than is natural rubber. For example, the buna S of 
present-day commerce frequently undergoes an increase in tensile strength 
during accelerated aging conditions which have the effect of greatly 
weakening natural rubber. This behavior has, of course, necessitated 
writing new industry specifications to cover the various types of elas- 



i j 


Fig. 10. — Yerzlcy oscillograph for measuring dynamic hysteresis properties of rubber. 

( Aminco .) 

tomer, many of which are at present merely representative of the best 
guesses of people unavoidably lacking in experience with totally new 
products. In any event, the various aging tests are highly useful in the 
laboratory and will form the basis for logical development of specifica¬ 
tions in the future. An example of their utility is the above cited case 
of buna S, in which it is found that aging which excessively strengthens 
the rubber also reduces the elongation; since this form of stiffening is 
found to be highly undesirable in tire practice, the test serves a useful 

purpose. 

For research purposes more precise and, in many ways, more reveau g 
methods may be used. For example, the consumption rate of oxygen 
bv a thermostated sample may be estimated by following the vo ume 
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change, using a simple gas burette. A new and apparently fruitful tech¬ 
nique consists in measuring the rate of stress relaxation in an elongated 
rubber sample exposed at elevated temperatures. This relaxation of 
stress is related to the breaking or making of chemical bonds in the 
sample and is suited to the study of all types of rubber. It is convenient, 
reproducible, and very sensitive to changes in the elastomer. 

7. Flex-cracking Resistance.—Repeated stretching of rubber speci¬ 
mens results in the production of small cracks at right angles to the 



Fig. 11.—Bomb and constant-temperature bath for accelerated aging tests of vulcanized 

rubber. ( Aminco .) 


direction of stress. Several instruments have been designed to produce 
this effect, which is responsible for the cracking of tire treads or boot 
soles; test specimens may be molded with a groove simulating the tire 
tread. 

8. Abrasion Resistance. —This property is of considerable interest 
for many types of rubber application, but although much effort has been 
applied to testing machines (Fig. 12), almost none permits ready evalua¬ 
tion of a rubber sample with respect to the wear to be expected in service. 
The complications involved are very numerous, of which it will be suffi¬ 
cient to note that waxy or greasy stocks, since they lubricate the abrasive 
surface used in testing, give results that are more favorable than their 
performance in the field will bear out.' 
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9. Weathering Tests —Exposure to sunlight and rain has a deleterious 
effect on rubber, the precise evaluation of which is difficult to obtain 
in the laboratory. There is not very satisfactory correlation between 
results obtained on artificial weathering equipment using the carbon 
or mercury arc (sometimes with intermittent water sprays) and that 
found from roof exposure. The failure of rubber in ultraviolet light 
resembles in some respects that due to ozone and may actually result in- 
part from the ozone produced by solar radiation. 

10. Oil and Water Resistance—For rubbers intended to resist water, 
oil, etc., it is customary to expose samples to the medium in question and 



Fig. 12 .—Rubber abrader. (National Bureau of Standards type , Aminco .) 


to estimate the quantity of liquid absorbed by the rubber. For oil, the 
change in volume is usually measured, while for water the change in 
weight is used. These immersion tests necessarily involve the complica¬ 
tion of weight changes caused by leaching of soluble materials (impurities, 
plasticizers, or other compounding ingredients) from the specimen, and 
it is sometimes necessary to consider the change in weight of the rubber 

sample after being dried at the completion of the test. 

11. Electrical Tests —Rubbers are widely used as flexible electrical 
insulation, and the dielectric constant, power factor, and direct-current 
resistivity are measured for control and specification purposes. For 
telephone-communication applications, low capacitance of conductor 
systems is desired; in power cables, high losses in the insulation must be 
avoided. Dielectric constant and power factor are measured with the 
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Schering bridge, direct-current resistivity by a simple galvanometer 
circuit using a constant voltage source. In particular, the change of 
these quantities with immersion in water is of importance because rubber 
insulation is generally used on account of its moisture resistance. Immer¬ 
sion tests in water at elevated temperatures give more rapid but some¬ 
what questionable results. The initial trends of dielectric constant, 
however, seem to give good indication of the water resistance of the cable 
insulation. 

The dielectric strength of cable-insulating rubbers is of importance 
for high-voltage power lines, and this test is regularly performed. The 
correlation between breakdown voltage on short-time laboratory test 
and failures in the field caused by long exposures at voltages far below 
this leaves a great deal to be desired, but, in a general way, dielectric 
strength tests serve to distinguish insulations of markedly different 
quality. A practical use to which voltage breakdown is put is in the 
detection of flaws in the manufacture of wires. Wires are exposed by 
passage through an electrode system to relatively high voltage, and 
punctures thus produced are noted and eventually cut out and the flaws 
repaired. This test is useful for other rubber articles that are required 
to be flaw and puncture free. 

12. Ozone Resistance.—This property is of interest in high-voltage 
electrical cables and is ordinarily measured by exposure of stretched 
specimens to ozonized air. Power-cable specifications call for 0.010 to 
0.015 per cent ozone by volume and 3-hr. exposure at room temperature. 
Ozone has little effect on unstressed rubber, whereas stressed specimens 
fail rapidly. Minute cuts appear in the sample at right angles to the 
direction of elongation and soon cut through the sample. It has been 
claimed that ozone cutting is most severe at 5 to 10 per cent elongation, 
but this claim seems to be questionable. 

13. Freeze Resistance. This property became exceedingly impor¬ 
tant during the war because of high-altitude aircraft operations. A very 
large number of test devices were built, some of which involved the stress¬ 
ing of a sample at successively lower temperatures until fracture occurred. 
Other methods simply measured the hardness or stiffness of the specimen 
at low temperatures. It is not always a simple matter to standardize 
these brittle-point tests for two reasons. In the first place, the rate of 
application of stress is important, as anyone who has attempted to break 
a molasses candy bar can testify; secondly, the time of exposure is impor¬ 
tant for some rubbers at least, in particular for those which tend to 
crystallize. In any event, several of the test methods appeared to give 
consistent relative results, and they led to the successful evaluation of 
plasticizers to improve freeze resistance and to the development of many 
suitable synthetic-rubber compounds. None of these, however, appears 
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to be really superior to natural rubber in retaining flexibility at low 
temperatures. 

HARD RUBBER AND RUBBER DERIVATIVES 

These products of natural and synthetic rubbers are industrially 

important and belong actually in the plastic family. Although it has 

been displaced in many instances by more recently developed resins 

hard rubber is still used for many articles where its moisture resish 

ance, chemical inertness, strength, and good dielectric properties are 
required. 

Ordinarily, hard rubber or “ebonite” contains 30 to 45 parts of 
sulfur per 100 parts of rubber hydrocarbon. The theoretical upper 
limit of combined sulfur content, assuming only saturation of the double 
bonds, is 47 parts, but substitution of sulfur for hydrogen (with evolution 
of hydrogen sulfide) may occur if curing conditions are too severe. Com¬ 
pounding ingredients other than sulfur include accelerators, mineral 
fillers, and hard-rubber dust. Reclaimed rubber is often used to improve 
processing properties before vulcanization, as are small quantities of 
waxes, resins, or oils. Curing methods are widely varied. Some articles 
may be cured only partially in the mold, followed by a longer cure in 
hot air or steam. Some objects, such as combs, are molded in tin foil 
and cured under hot water, after which the foil is stripped off. 

When the temperature is raised to 100°C., hard rubber becomes flexi¬ 
ble, but it becomes unstable above this temperature, decomposing with 
evolution of hydrogen sulfide, until it melts with further decomposition 
at about 270°C. Hard rubber is swollen but not dissolved by rubber 
solvents, such as benzene, and is highly resistant to other solvents and 
most chemical reagents (strong oxidizing acids being exceptional). 
Its moisture resistance is unusual. A few properties are summarized 
in Table IV. 


Table IV.— Properties of Hard Rubber 


Density..'. 1.18 

Tensile strength. 11,500 p.s.i. 

Elongation. 3% 

Yield temperature. 85°C. 

Water absorption (thin sheets). 0.3% per year 

Dielectric constant. 2.9 

Loss factor (1,000 c.p.s.). 0.8% 

Resistivity. 10 l * ohm-cm. 


Excellent hard rubbers are made from butadiene-acrylonitrile 
copolymers. 

When natural rubber is heated with small amounts of reagents such 
as sulfuric acid, phenolsulfonic acids, and chlorostannic acids, it is 
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converted to a hard tough resinous product of lower unsaturation than 
the original material. These isomeric products have acquired the name 
of cyclized rubbers, though there is no good evidence to indicate a true 
cyclic structure for them. The resins have been found useful in adhe¬ 
sives, as rubber-compounding ingredients, and have been the base ot 
at least one molding resin formulation used commercially. Some prop¬ 
erties of this product are given in Table V. 

Table V.— Properties oe Isomerized Rubber 


Specific gravity. 1.06 

Tensile strength. 4,250 p.s.i. 

Elongation. 0.013% 

Softening point. 75-105°C. 

Working temperature.*. 140-160°C. 

Dielectric constant. 2.7% 

Water absorption (24 hrs., 25°C.). 0.02% 


A somewhat similar resin is said to have been made from butadiene- 
styrene copolymer. 

Chlorination of rubber results in its conversion to a resin that is 
particularly useful in corrosion-resisting paints and varnishes. Molding 
compositions have been developed using this resin (Tornesite). It softens 
at 80 to 100°C. and has excellent water resistance. The relatively low 
viscosity of its solutions indicates a considerably lower molecular weight 
than natural rubber. 

Treatment of rubber with hydrogen chloride converts it to a resinous 
product that has been found very useful in the form of flexible films 
which may be readily heat-sealed (Pliofilm). It has excellent resistance 
to moisture and oils. 

Hydrogenation converts rubber to an elastic and tough product when 
carried out at low temperatures. At higher temperatures, very great 
degradation occurs, and oily products result. 

LITERATURE ON RUBBER 

Technical and scientific interest in rubber over a long period has resulted in a very 
voluminous literature. It has been manifestly impossible to give more than sketchy 
coverage to this subject in two chapters. The reader may, therefore, be interested in 
obtaining more detailed information from some of the sources listed below. 

Books: 

Davis, C. C., and J. T. Blake: “The Chemistry and Technology of Rubber,” Rein¬ 
hold Publishing Corporation, New York, 1937. 

Memmler, Karl: “The Science of Rubber/’ Reinhold Publishing Corporation New 
York, 1934. 

These two texts review all aspects of rubber chemistry, theoretical and practical, 
and are valuable handbooks. Their dates of publication, however, precede the 
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period of great activity in synthetic rubbers, and they are necessarily incomplete in 
this respect. 

Mark, H.: “ Physical Chenistry of High Polymeric Systems,” High Polymers, Vol. 
II, Interscience Publishers, Inc., New York, 1942. 

Meyer, K. H.: “Natural and Synthetic High Polymers,” High Polymers, Vol. IV 
Interscience Publishers, Inc., New York 1942. ’ 

These books, like the others in the “High Polymers” series are excellent reviews of 
the resin field, particularly in its theoretical aspects. They are indispensable to the 
student interested in the fundamentals of high elasticity and other features cf rubber 
behavior. 

Periodicals: 

c 

‘ Rubber Chemistry and Technology (quarterly), Division of Rubber Chemistry, Ameri¬ 
can Chemical Society. 

This journal reprints in full the best articles that appear during the year. Its files 
are the best obtainable compilation of articles on elastomers. 

Rubber Age 
India Rubber World 

These trade papers frequently print articles of interest on practical rubber com¬ 
pounding and processing techniques. 

Industrial and Engineering Chemistry 

This periodical has, particularly since the war, published frequent articles on syn¬ 
thetic rubber. Papers on this subject are, of course, found in the other chemistry and 
physics journals. 

Manufacturers Data: 

Many of the concerns dealing in synthetic rubber and rubber chemicals publish at 
regular intervals data sheets and pamphlets to guide the practical compounder of rub¬ 
ber and synthetic rubber. These publications are probably the best printed informa¬ 
tion on compounding practice. Some sources of such material are listed below. 
Rubber Chemicals Division, E. I. du Pont de Nemours & Company, Inc., Wilmington, 
Del. (Neoprene, rubber chemicals) 

R. T. Vanderbilt Co., New York (rubber chemicals, fillers, etc.) 

Stanco Distributors, New York (butyl rubber, Perbunan) 

B. F. Goodrich Chemical Co., Cleveland, Ohio (Hycar OS, Hycar OR) 

Rubber Service Laboratories, Monsanto Chemical Company, St. Louis, Mo. (rubber 

chemicals) 

Thiokol Corporation, Trenton, N.J. (Thiokol) 

Binney and Smith Co., New York (carbon blacks) 



CHAPTER XII 

POLYESTERS AND POLYAMIDES' , 

By Herbert J. West 

Plastics Division American Cyanamid Company , New York , N.Y. 

Although alkyd resins and polyamides are entirely different in prop¬ 
erties, they are considered together in this chapter because of the similarity 
of the basic reactions involved. When dibasic carboxylic acids and 
dihydric alcohols are reacted, esterification occurs with liberation of water 
and linear polyesters are formed, these being the simplest type of alkyd 
resin; if diamines are condensed with the dicarboxylic acids, linear poly¬ 
amides are obtained. The following simple reactions occur between 
each pair of groups: 

Alkyd . . . RCOOH + HORi.R-COORi . . . + H 2 0 (1) 

Polyamide . . . R COOH + H 2 NR 2 .R CONHR, . . . + H 2 0 (2) 

Neither of these two types of synthetic resin has found its major use 
in plastics technology, the alkyd resins being used mainly in surface 
coatings and the polyamides in the manufacture of synthetic fibers. 

POLYESTERS: ALKYD RESINS 

As shown in Chap. I, the linear alkyd resins are thermoplastic, 
whereas the three-dimensional polymers obtained when either the poly- 
basic acid or polyhydric alcohol contains more than two functional groups 
are thermosetting. The linear thermoplastic types have found little use 
in industry, and the vast majority of commercial alkyd resins are thermo¬ 
setting types derived basically from phthalic anhydride and glycerin. 
The unmodified phthalic glyceride is insufficiently soluble for use as such 
and is therefore modified with long-chain fatty acids or rosin to develop 
resins soluble in cheap solvents for use in surface coatings. The chem¬ 
istry and probable structure of the resins were discussed in Chap. I. 

Although the phthalic anhydride-glycerin reaction products were 
first investigated -with the development of insulating material as the 
objective, efforts to use alkyd resins in molded or laminated plastics 
have generally failed because of the extremely long cure at low tempera¬ 
tures required to produce homogeneous parts. Nylon is, however, 
adaptable to molding as well as synthetic-fiber production, and one type 
was introduced to the plastics industry in 1943. The properties of 
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nylon molding material are so outstanding that its future place in indus¬ 
try seems assured; present adverse features of high cost and poor moldar- 
bility will undoubtedly be largely overcome by industrial research. 

It has been mentioned in Chap. II that the growth of alkyd-resin 
technology paralleled the expansion of the automotive industry which 
in 1941, was probably the greatest single user of alkyd-resin finishes. 
The earliest attempts to speed up finishing methods were based on the 
use of nitrocotton modified with natural resins or gums, but this type 
of finish, although fast drying, required the application of numerous 
coats and lacked durability and adhesion. The replacement of all or 
part of the natural resin with nondrying oil-modified alkyd resins gave 
finishes with adequate speed, higher solids, and vastly improved adhesion, 
the highly polar nature of alkyd resins undoubtedly explaining their high 
degree of adhesion to metals. Automotive nitrocellulose lacquers used 
until production of automobiles ceased were generally of this type. 
Although these finishes would air-dry, production schedules were pushed 
to the limit by force drying at temperatures up to 200°F. 

In the middle 1930’s, synthetic-resin baking enamels based on drying 
oil-modified alkyds were introduced. Satisfactory finishes were obtained 
by baking for periods varying from 30 to 60 min. within a temperature 
range of 250 to 375°F. and were characterized by outstanding durability. 
The greatest savings in production costs were realized from the fact 
that no more than tw r o coats of finish were necessary and costly solvents 


w ere eliminated. 

The introduction of the use of organic solvent soluble urea-formal¬ 
dehyde and melamine-formaldehyde resins as hardeners for the alkyd- 
resin baking enamels still further reduced baking schedules and gave 
finishes of porcelainlike hardness. 

The alkyd resins can be used to advantage in practically all types of 
industrial and decorative finishes. They are used in refrigerator finishes, 
wood finishes, architectural air-dry brushing enamels, and automotive 

refinishing enamels either for brushing or spraying. 

The speed of production of the enormous quantities of military equip¬ 
ment of all types unquestionably w'as materially helped by the use 
of quick-drying alkyd-resin finishes. Practically all Army, Navy, and 
aeronautical specifications for surface coatings require the use of a definite 
content of alkyd resin based on phthalic anhydride, for the purpose of 
ensuring adequate durability and protection to military equipment. 

Types of Alkyd Resins. —The folio-wing are the chief basic raw mate¬ 
rials that can be used in the production of alkyd resins: 


1. Polyhydric alcohols 

Glycol, glycerin, pentaerythritol 
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2. Polybasic acids 

Phthalic anhydride, sebacic acid, tetrahydrophthalic anhydride 
derivatives, and maleic anhydride. 

3. Modifying agents 

Vegetable oils or fatty acids, drying and nondrying; rosin and 
phenol-formaldehyde resins. 

The essential reaction involves condensation of the polyhydric 
alcohol with the polybasic acid with liberation of water to form linear 
or three-dimensional polyesters (see Chap. I). The use of vegetable 
oils or rosin introduces modifying groups into the resin complex and 
permits the development of completely condensed soluble products with 
a minimum of unreacted acid or hydroxyl groups. If the fatty acids of 


Table I.— Characteristics of Typical Alkyd Resins 



Basic characteristics 


Balsamlike liquids to brittle solids. 
Thermoplastic; of little com¬ 
mercial value 

Heat- and oxygen-convertible 
plastic solids. Little used as 
such 

Highly flexible semirubbery poly¬ 
mers. Basis of some commer¬ 
cial resinous plasticizers 

Heat-convertible relatively in¬ 
soluble tough resin; base for 
majority of alkyd resins 

Only limited condensation possi¬ 
ble without gelation, unless high 
proportion of modifier such as 
rosin is used 

Same as above 

Nondrying plasticizing resins 

Heat-resistant, air-drying, and 
heat-convertible resin. Good 
color retention 

Air-drying or fast-curing resins 

Air-drying moisture-resistant 
coatings 

Hard brittle resin for use in wood¬ 
finishing lacquers 
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the drying oils are used as the modifying agent, the resins obtained dry 
much faster than the oils themselves. The introduction of phenolic or 
substituted-phenolic resins considerably improves water resistance in the 
cured products. Table I shows the fundamental properties obtained 
by coreacting supplementary members of the above series. 

Other dibasic acids, for example, tetrahydrophthalic anhydride 
derivatives such as carbic anhydride may replace phthalic anhydride 
to obtain resins with similar basic properties. 

Oil Modified .—The oil-modified types have assumed the greatest 
industrial importance, many hundreds of modifications being available 
under numerous trade names. Varnish terminology is frequently used 
to designate the degree to which the base resin is oil modified. Long-oil 
alkyd resins will contain 60 per cent or more of modifying oil or oil 
fatty acid, medium oil-length resins average 50 per cent oil, and resins 
containing less than 40 per cent oil are classified as short-oil resins. 

They may be manufactured by several methods, each representing 
modifications of two basic procedures, (1) reaction of phthalic anhydride, 
glycerin, and fatty acid, or (2) reaction of phthalic anhydride and an oil 
monoglyceride. The process is conducted in large agitated kettles 
ranging in capacity up to 5,000 gal. at temperatures varying from 180 
to 280°C. The reaction is usually carried to a specified acid number and 
viscosity in the desired solvent. An inert atmosphere within the kettle 
is usually provided by bubbling in carbon dioxide or nitrogen below the 
surface of the liquid. When the reaction is complete, the charge is 
cooled and diluted with an appropriate solvent, usually toluene, xylene, 
or mineral thinner, to the desired solids content. 

Castor oil and coconut oil are most commonly employed in the manu¬ 
facture of the nondrying oil-modified alkyds. The resins are usually 
supplied as pale yellow solutions in an aromatic solvent such as toluol. 
They are mainly used with nitrocellulose in the manufacturer of durable 
high-solids lacquers such as were widely used in automotive finishing 
prior to the war. They are of considerable value in clear nitrocellulose 
furniture lacquers, providing a high degree of cold-check resistance. 
The nondrying oil alkyds remain permanently thermoplastic when kept 
at ordinary temperatures, but are slowly heat convertible at elevated 

temperatures. 

They have also found considerable use as plasticizers for urea and 
melamine resins in the production of white heat-resistant baking enamels. 

Semidrying oils provide a reasonable compromise between the non- 
yellowing, nondrying types just described and the fast-drying linseed 
or tung oil which yellow excessively on exposure to light. Soybean 
oil is by far the most important member of this class. Prior to the war, 
it was used in extremely large quantities in the production of oil-modified 
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alkyd resins of the medium and long-oil types containing approximately 
40 per cent to 60 per cent fatty acid, for use in high-bake refrigerator 
finishes, automotive finishes, architectural enamels, and nonyellowing 
white and pastel-shade brushing enamels. It was widely used during 
the war in several military and naval finishes, including those specified 
by the Bureau of Ships for battleship paints. 

Dehydrated castor oil is another type of modifying oil, resembling 
soya oil in nonyellowing characteristics, but approaching linseed oil in 
drying characteristics. It is- produced by heat-treating castor oil in 
the presence of various catalysts, mostly acidic in nature, when conju¬ 
gated unsaturation is developed and water lost by splitting off the 
hydroxyl group of the oil together with the hydrogen adjacent to the 
double bond. Drying oils with conjugated double bonds are all subject 
to the development of patterned surface wrinkling under certain adverse 
drying conditions. This phenomenon is known as gas checking or frost¬ 
ing and, to a certain extent, has limited the field of use of dehydrated 
castor oil. 

The fastest drying types of alkyd resin are modified with linseed oil 
or China wood oil; the latter were restricted during the war to the highest 
priority war applications because of scarcity. Linseed-oil-modified 
types have been used to a limited extent as part of the vehicle in outside 
house paint, but find their major outlets in the production of fast-drying 
colored brushing enamels for automotive refinishing, truck and bus 
enamels, trim paints, and general industrial finishes. Most of the familiar 
olive-drab finish for military equipment is based on the use of linseed- 
oil-modified alkyd resins. ' 

Alkyd resins containing China wood oil are often further modified 
with a certain amount of phenolic resin, usually the oil-soluble alkylated 
phenolics, which inhibit the tendency to frost or gas check during drying. 
This type of vehicle is outstanding in water resistance and is used, often 
with zinc chromate pigment, as the vehicle in corrosion-resistant primers 
for steel and light metal equipment. 

Rosin Modified .—Very fast-drying resins are obtained by using a 
certain amount of rosin as modifier, but durability is seriously impaired. 
However, rosin-modified maleic glyceride resins are widely used in 
nitrocellulose furniture finishes and for varnish-making with dehydrated 
castor oil and linseed oil. These resins are light to dark amber colored, 
extremely brittle materials having no value as coatings per se. 

Melamine and Urea Modifiers .—The use of alkylated urea and mela¬ 
mine resins with the alkyds has assumed such importance since 1936 that 
it has become a definite part of alkyd-resin technology. The two types 
are so complementary that it is hard to decide whether the alkyd plas¬ 
ticizes the aminoplastic resin or whether the aminoplastic acts as a 
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hardener for the relatively soft alkyd resin. The latter point of view is 
more consistent with industrial practice, since the vehicle rarely contains 
more than 30 per cent of the aminoplastic component. 

In general, the higher the phthalic glyceride content of the alkyd 
resin, the greater will be its compatibility with the aminoplastic. Special 
types of alkylated aminoplastics are required for compatibility with the 
long-oil alkyd resins, except where castor oil is used as the modifying 
agent, which by virture of its hydroxyl group is the only oil in itself 

compatible with the standard type of urea- and melamine-formaldehyde 

lacquer resins. 

Heat is necessary for cure. Melamine resins are more effective 
hardeners than the ureas, and mar-proof baking enamels can be formu¬ 
lated with as little as 10 per cent of the alkyd resin replaced by a butyl- 
ated melamine-formaldehyde resin, whereas approximately 20 per cent 
urea will be required to develop equal hardness at comparable baking 
schedules. The melamine resins also permit baking at much lower 
temperatures, satisfactory hardness often being developed at 200°F. on 
a typical baking schedule, whereas a temperature of a least 250°F. is 
required for the urea-resin enamel. 

The properties conferred by the use of the aminoplastic component 
are mar-proofness on removal from the oven and greater ruggedness of 
the finish in service. In addition, the melamine type often develops a 
reduced tendency toward chalking or loss of gloss in colored enamels, and 
improved retention of the original shade of the enamel. Advantages 
on the finishing line are reduced baking times or lower baking tempera¬ 
ture. In white baking enamels, the hardening effect of the aminoplastic 
resin permits the use of the soft nondrying or semidrying oil-modified 
types of alkyd which have little tendency to yellow on aging, with the 
result that hard nonyellowing finishes are obtained. Most prewar syn¬ 
thetic-resin refrigerator enamels were of this type. The use of melamine 
resins in automotive enamels gives marproof, rugged, and durable finishes 
and contributes materially to shortened finishing cycles. It is safe to 
predict that many of the postwar finishes will contain a certain amount 

of melamine-formaldehyde resin. 

Other Types of Alkyd Resins—While alkyd resins based on phthalic 
anhydride and glycerin represent by far the bulk of industrial alkyds; 

some other types have become commercially prominent. 

Linear polyesters obtained from sebacic acid and glycols are highly 
flexible materials that may be used as plasticizers for nitrocellulose for 
flexible cable finishes. If a minor percentage of the sebacic acid is 
replaced bv a molar equivalent of unsaturated dibasic acid, mixed poly¬ 
esters are obtained that may be cross-linked if heated in the presence o 
peroxide to produce polymers with many of the characteristics of rubber. 
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Dimerized acids, obtained from linoleic acid, are long-chain dibasic 
acids that condense with glycol to give a type of polyester. This product 

is commercially available as Norepol. 

Compounding of Alkyd-resin Finishes.—Only a brief description ol 
this subject will be given; for detailed information one is referred to several 


of the handbooks on paint technology. 

The essential procedure for the production of an enamel from the 
alkyd resin is the incorporation of the desired pigment. The usual prac¬ 
tice is to disperse the pigment in part of the vehicle by grinding in a 
pebble mill or, more commonly, a three-roll mill. The grinding is con¬ 
tinued until the proper degree of dispersion is obtained, when additional 
resin solution is added to give the desired resin to pigment ratio. Addi¬ 
tional thinner is added to give a consistency satisfactory for packaging, 
and driers are added as required. Metallic driers such as cobalt naph- 
thenate are necessary for air-drying finishes but are seldom required 
for baking enamels. 

Methods of Application.—Synthetic-resin enamels and paints are 
applied by the conventional methods of spraying, dipping, or brushing. 
The finishing of an automobile body is of interest as illustrating the meth¬ 
ods made possible by the use of fast-curing modern baking enamels. 
The steel body is first degreased, usually by vapor-degreasing methods, 
and is then rust-proofed by one of the well-known treatments. 

The body is then sprayed with one coat of approximately 1 mil 
thickness of a primer surfacer enamel containing an alkyd-resin vehicle, 
usually phenolic modified. The pigment can be largely iron oxide, and 
zinc chromate may be used for additional resistance to corrosion. This 
coating is baked, for periods ranging from 30 to 60 min at temperatures 
varying from 250 to 350°F., in conveyor type ovens frequently direct 
fired. The baked finish is lightly sanded and then sprayed with a very 
light coat of finish enamel, which is baked usually at times and tempera¬ 
tures at the lower limits of the ranges previously given. This coat is 
sanded and a full coat of the finish enamel applied. After a further 
baking period, the finishing is complete. 

Frequently, the heat is applied with batteries of infrared lamps 
that focus all the energy to the body itself and thus permit greatly 
increased temperature and reduced baking time with economy in power 

consumption. 


POLYAMIDES 

The development of linear polyamides (nylons) was the industrial 
sequence to the brilliant work of W. H. Carothers and his coworkers on 
linear-condensation polymers at the duPont experimental station. The 
early work was largely concerned with fundamental studies of various 
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polyesters obtained by condensation of dihydric alcohols with dicar- 
boxylic acids. It was shown that by conventional methods a dihydric 
alcohol such as trimethylene glycol condensed with a dibasic acid such 
as adipic acid to produce microcrystalline polyesters with molecular 
weights ranging from 2300 to 5000. 1 

It was later shown that under special conditions these polymers could 
be further condensed to superpolymers with molecular weights in excess 
of 10,000, when new and extremely interesting properties were observed. 
While X-ray diagrams showed the general structure to be identical with 
that of the shorter chain polymers, the new products were hard and 
tough resins. When in the plastic state, they could be drawn out into 
very strong fibers. X-ray investigations showed that the resin consisted 
of linear molecules lying in random directions, whereas the molecules 
were mostly oriented parallel to the fiber axis in the case of the drawn 
filaments. The ends of the individual chains overlapped so that no 
cleavage planes could occur, accounting for the high degree of pliability 
of the fibers. It was indicated that the molecular weight must be at 
least 9,000 for the property of cold drawability to develop and that useful 
strength and pliability required a molecular weight of about 12,000. 

Fibers obtained in this manner were the first synthetic materials to 
approach the properties of silk. However, the superpolyesters had too 
low a softening point and were too soluble in organic solvents to have 
any commercial value. These adverse characteristics were completely 
overcome by the use ot polyamides instead of the polyesters. The first 
polvamides investigated were the condensation products of amino acids 
such as aminocaproic acid, which on heating splits off water and gives 
caprolactam and a linear polyamide with a molecular weight of about 
3,000. It contains the recurring grouping 

- NH- (CH,).- CO- NH- (CH,),-CO- (3) 


This type of polyamide can condense further to a higher molecular 
weight polymer that can be drawn into fibers, but is too infusible foi 
practical purposes. Further researches led to the investigation of the 
condensation products of diamines and dibasic acids that polymerize 
under heat to superpolymers with the recurrent grouping 


- NH - (CH,)„- NH - CO - (CHj) B j - CO- 


(4) 


n, and n 2 refer to the members of methylene groups in the diamine and 

dibasic acid, respectively. , 

While anv straight-chain polvmethylene diamine and any straigm- 

chain dibasic acid will produce a nylon, the product from hexamethylene 
diamine and adipic acid has apparently been selected as 6 mn S * av ° 
combination of properties for synthetic-fiber manufacture. Moreovei, 
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both of these components can be manufactured from phenol, whereas 
relatively expensive raw materials are required for the preparation of 
many of the other dibasic acids and diamines. Since phenol is such a 
cheap and abundant raw material, one may expect a drastic reduction 
in the price of nylon as production increases and new techniques for the 
preparation of the intermediates are developed. 

The following basic chemical reactions in the conversion of phenol 
to the two intermediates are well known to synthetic organic chemists: 

reduce - oxidize 

+ 3H 2 +20 2 , ^ 

CeHsOH-> C 6 H„OH ->C 4 H 8 (COOH) 2 + H 2 0 

Phenol cyclohexanol adipic acid (5) 

C 4 H 8 (COOH) 2 + 2NH 3 -> C 4 H 8 (CONH 2 ) 2 + 2H 2 0 

Adipamide 

reduce 

6H 

C 4 H s (CONH 2 ) 2 -► C 6 H 12 (NH 2 ) 2 + 2H 2 0 (6) 

Hexamethylene 

diamine 

Adipic acid and hexamethylene diamine, which may be written 
(CH 2 ) 4 (COOH) 2 and (CH 2 ) 6 (NH 2 ) 2 , are then reacted together giving first 
the amine salt which condenses to the polyamide. 

(CH 2 ) 4 (COOH) 2 + (CH 2 ) 6 (NH 2 ) 2 ^ 

• • • HN OC(CH 2 ) 4 CO NH(CH 2 ) 6 NH CO • ■ ■ (7) 

In the production of fiber, the polyamide is melted and forced through 
spinarets. As the extruded filament is collected, it is unwound from one 
spool to another, revolving at a higher rate of speed, so that a controlled 
degree of draw or stretch is obtained. 

Nylon filament possesses a tensile strength slightly greater than that 
of natural silk both in the dry and wet state. It is highly resistant to 
mild alkali and is, therefore, far less sensitive than silk to repeated laun¬ 
dering. It has extremely good heat resistance for a thermoplastic 
material, withstanding ironing temperatures well over 150°C. The melt¬ 
ing point of the fiber type is about 250°C. Other properties of nylon, 
making it ideal for textile use, are moth and mildew resistance, resistance 
to dry-cleaning fluids, resistance to weathering, and relatively good 
affinity for dyestuffs. 

Nylon has good electrical properties and can be used in wire and cable 
insulation. It has been applied to many vital war applications, the 
most highly publicized being the manufacture of yam for parachutes. 

Nylon Molding Material.—Nylon was but recently introduced in the 

form of molding material to the plastics industry, where it is of the 

greatest potential value, the major limitation at the present time being 
high cost. 

Properties of nylon molding material are shown in Table II. 2 
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Table II 

Injection-molding temperature. 

Specific gravity. 

Tensile strength. 

Elongation. 

Modulus of elasticity in tension. 

Flexural strength. 

Impact strength (Izod). 

Hardness, Rockwell. 

A.S.T.M. heat-distortion point. 

Softening point. 

Dielectric strength, ST. 

SS. 


500-600°F. 

1.14 

12,000 

50% 

4.5 X 10 5 . 
10,000-15,000 p.s.i. 

0.9 ft.-lb. per in. of notch 

L95-100 

149°F. 

450°F. 

400 

300 


Dielectric constant, 60 cycles 

Power factor, 60 cycles. 

Burning rate. 

Water absorption. 

Effect of 

Age. 

Sunlight. 

Weak acids. 

Strong acids. 

Weak alkali. 

Strong alkali. 

Organic solvents. 


3.8 
0.018 
Very low 
1.5% 

None 

Discolors slightly 

None 

Attacked 

None 

None 

Resistant to common solvents 


Molding of Nylon.—Because of the crystallinity of polyamides, their 
behavior at elevated temperatures is entirely different from that of other 
thermoplastics such as cellulose acetate or polystyrene, which slowly 
become more and more soft as the temperature is increased and show no 
definite melting point. Polyamides, however, melt rather sharply 
within a comparatively narrow' range, which for both the fiber and mold¬ 
ing types, is in the neighborhood of 500°F. At the same time, the fluid 
polyamide solidifies extremely rapidly when cooled below the melting 

point. 

This abnormal behavior requires that special techniques be employed 
for molding nylon. The injection-molding temperature is given in 
Table 11 as 500 to 000°F. but the essential requisite is that the material 
be heated only to the point where the fluid will carry sufficient heat to 
prevent premature solidification in the die. If subjected to excessive 
heat for prolonged periods of time, oxidation takes place with discolora¬ 
tion and loss of strength. 

Conventional plastics when heated in the plasticizing chamber to 
the proper injection temperature are still highly viscous masses, whereas 
nylon is almost water thin, so that it wall flash excessively from imperfect 
mating surfaces that might be entirely satisfactory for other thermo¬ 
plastics. Dies must therefore be machined with the greatest accuracy, 

and knockout pins must be perfectly tight. 
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Nylon shrinks about 12 per cent in passing from the fluid to the solid 
state, whereas the shrinkage of other thermoplastics averages less than 
one half of this figure. This factor must be considered in mold design. 

Although the highly fluid nature of nylon at injection temperatures 
requires considerable care in molding technique, it does have definite 
advantages. The ease and rapidity with which all parts of the die are 
filled gives sharply defined reproduction of pattern, and high pressures 
are unnecessary. Satisfactory results are obtainable at the lowest pres¬ 
sures available on commercial injection machines. Full details regarding 
the properties of nylon and injection-molding technique have been pub¬ 
lished by R. B. Akin and J. E. Teagarden. 3 

Applications of Nylon Molding Material.—The potential uses of 
nylon as a molding material are immediately visualized when one con¬ 
siders its heat resistance and toughness, providing in one material the 
advantages of both the thermoplastic cellulosics and thermosetting mold¬ 
ing compounds. In order to develop shock resistance at high tempera¬ 
tures, the plastics engineer was required to select from the impact grades 
of phenolics or melamines, which are difficult to mold in complex shapes or 
around metal inserts, and the molding problems increase with the degree 
of impact required. In nylon, the engineer has available a material that 
can flow into the most intricate dies and that does not require reinforcing 
fillers to develop impact strength. The parts, moreover, are extremely 
light in weight. 

Therefore, although current applications are highly specialized, one 
may expect considerable development in the commercial use of nylon 
in the plastics industry. 
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CROSS-LINKED ADDITION POLYMERS 

By Arthur M. Ross, Jr. 

Formerly of the General Electric Research Laboratory, Schenectady, New York; currently 

affiliated with Ross and Roberts, Inc., TFest Haven, Conn. 

Until recently, the commercially available addition polymers were, 
with the exception of the vulcanizable synthetic rubbers, all of the class 
that we designate as thermoplastic and possessed the “linear” structure 
that we have come to recognize as characteristic of the fusible and soluble 
resins. Frequently, in fact, it has been a problem for the polymer 
chemist to eliminate sources of branching or cross linking, since these 
give rise to processing difficulties. Examples of this may be found in 
the elimination of divinyl benzene from monomeric styrene and in the 
development of controlling agents to prevent the undesirable 1,2 addi¬ 
tion of butadiene and its homologues. Today, however, the cross-linked 
addition polymers have finally come into their own and promise to 
appropriate an important share of the plastics market. 

“NET” POLYMERS 

A macromolecule is said to be “linear” if its main primary valence 
chain, however randomly coiled or twisted, exhibits no branching, such 
a linear chain would result from the normal addition polymerization of 
molecules possessing an active double bond, as in the vinyl compounds. 
If the monomeric units in a polymerizing system possess two or more 1 
active double bonds, however, the resultant polymer will have many 
branch points and its structure will be branched and cross-linked into a 
three-dimensional network. Such an addition polymer will, like the 
cross-linked polycondensates of phenol or urea with aldehydes, be typi¬ 
cally insoluble and infusible. It is logical to assume that the rigidity 
of such a network will be greater, the more frequent the cross links per 
unit length of chain. This rigidity will manifest itself not only in 
increased brittleness (lack of flexibility), but also in reluctance to swell 
in solvents and resistance to deformation under heat and pressure. Ihe 
number of cross links or branches per centimeter of valence chain can 
be governed in two ways: (1) by the choice of multifunctional monomei, 
and (2) by the use of varying proportions of a simple (bifunciona; 
co-monomer. In this way, we may obtain “net” polymers of almostany 
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desired degree of rigidity with varying values of elastic modulus, heat- 
distortion temperature, solvent resistance, etc. 


SYNTHESIS OF MULTIFUNCTIONAL MONOMERS 

In principle, the number of multifunctional monomers that may be 
synthesized is very large. Consideration of the addition polymers 
already discussed suggests two typical structures, analogues of the 
vinyl and acrylic monomers. In addition to these, two other types ot 
component with no counterparts in the thermoplastic field are important 
in commercial application. These four types are discussed briefly below. 

1. Divinyl Compounds.—Multifunctional analogues of the vinyl 
monomers, CH 2 —CHX, may possess any of the following type-structures: 


CH 2 = C - C = CH 2 

I I 

X X 

CH = CH - CH = CH 

i i 

X X 

CH 2 = CH - Y- CH = CH 2 


(D 

( 2 ) 

(3) 


Of these (1) and (2) belong to the butadiene family and must be excluded 
from consideration since their conjugated double-bond system favors 1,4 
addition rather than independent polymerization of the two vinyl groups 
(see Chap. VIII). Structure (3) is not readily achieved in many cases, 
as can be readily understood from a review of the methods for synthesizing 
vinyl compounds. In practice, only one member of this class has attained 
importance thus far, and its synthesis has only recently proved commer¬ 
cially practicable. This is divinyl benzene 


CH 2 = CH 



CH = CH 2 




originally found by Staudinger to be the impurity in styrene that led to 
anomalous properties in its polymers. 

2. Polyacrylates and Poly methacrylates.—These can be readily pre¬ 
pared from the simpler esters, such as methyl acrylate or methyl metha¬ 
crylate, by alcoholysis using a polyhydric alcohol 


2CH 3 OCOC = CH 2 + CH 2 - ch 2 

I I I 

CH S OH OH 



K2CO3 


1 

» CH 2 - OCO- C = CH 

I 


2 


CH 2 - OCO - C = CH 2 + 2CH s OH 

I 

ch 2 

(Glycol dimethacrylate) 
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In this process, the more volatile monohydric alcohol is continuously 
removed by distillation. At least one of the esters of this type has been 
offered for commercial application. 

3. PolyaUyl Compounds.— Unlike the purely hypothetical vinvl 

alcohol, allyl alcohol y 


CH 2 = CH-CH 2 OH (6) 

is readily synthesized as follows from propylene 

Cl* — HC1 

CHrCH = CH 2 -* CH 3 CHCI CH 2 CI-* CH 2 = CH CH 2 CI 

i H 2 0 (7) 

ch 2 = chch 2 oh 

Since it behaves as a normal alcohol with respect to the reactivity of its 
hydroxyl group, allyl alcohol may be used for the synthesis of esters, which 
may be polymerized by the action of heat and peroxidic catalysts. Pub¬ 
lished experimental work indicates that the monoallyl esters and ethers are 
less reactive than their vinyl analogues and polymerize very slowly to give 
soft resins of low molecular weights. On the other hand, diallyl esters 
yield products having a high degree of polymerization. These are cross- 
linked, infusible, and insoluble resins possessing considerable strength 
and hardness. Examples of this class are diallyl phthalate (8) and diallyl 
diethylene glycol dicarbonate (9). 


// \cooch 2 ch = CH 2 

^yC00CH 2 CH = CH, 
CH 2 CH 2 OCOOCH 2 CH = CH 2 




ch 2 ch 2 ocooch,ch = ch 2 


4. Unsaturated Polyesters. —By methods analogous to the prepara¬ 
tion of ordinary alkyd resins, it is possible to prepare polyesters from 
dihydric alcohols and unsaturated dibasic acids; these unsaturated poly¬ 
esters have become important for resin formulations of the types that 
we are about to discuss. Diethylene glycol maleate (10) has been 
described in the literature 




CH 2 CH 2 CH,CH 2 OC CH = CH - C - O 




and it is evidently possible to prepare resins from other unsaturated 
dibasic acids and glycols, as well as to use mixed acids and glycols, thus 
giving rise to a potentially large family of related resins. 
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These polyesters are made in the ordinary manner by heating the 
glycol and acid (or anhydride) with the added precaution that oxygen 
be excluded during preparation to prevent premature polymerization ot 
the double bonds and consequent gelation. The resins are carried to 
moderate molecular weights and are generally furnished as viscous 
liquids. Evidently, such resins are “monomeric” only with respect to 

their addition behavior. 

COMONOMERS AND CATALYSTS 

The simple bifunctional co-monomer most frequently used in con¬ 
junction with some of the multifunctional compounds described above 
is styrene, and this is a constituent of many of the commercial resin 
formulations. The peroxidic catalysts employed are numerous, includ¬ 
ing among others benzoyl peroxide, lauroyl peroxide, and tertiary butyl 
hydroperoxide. 


POLYMERIZATION BEHAVIOR 


When a mixture of liquid monomers containing a major proportion 
of multifunctional units is heated to 80°C., no gradual and continuous 
increase in viscosity is observed, as would be found if styrene were 
similarly treated. Instead, after a period in which little viscosity change 
is noted, the liquid gels rather suddenly. This gelation is followed by a 
continuous increase in hardness and density of the gelled mass. 

Qualitatively, this behavior may be understood if we consider the 

growth process involved with a single active molecule. This may be 

\ / 

represented schematically as follows, using the symbol A to represent 

/ \ 


a monomer having two double bonds: 


(D 

( 2 ) 



I I 

A- + - A- 


I I 

A- A 

i i 


- A- A- + - A- 


I I 

A- A- 

i i 

- A- 

i 


i i 

A- A- 

i i 

- A- 

i 


i 


+ - A- 


- A- 


A- 

i i 

- A- A- 

I I 

(etc.) 



By counting dashes, we observe that in the course of only three additions 
we have a molecule having the equivalent of five independent double 
bonds (or 10 dashes in the symbolic representation). In general, after 
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n additions the number of double bonds possessed by the activated 
molecule is n + 2, so that after relatively few steps in the propagation 
reaction molecules of extremely high functionality are produced, each 
having enormous capacity for further polymerization. This leads to 
the almost explosive growth rates that result in complex networks and 
gelation before much change of viscosity has occurred. The statistical 
theory of this type of polymer growth has been worked out (Flory), 
and the functions relating gelation time and degree of polymerization 
are known. 

It should be remarked at this point that the use of unsaturated 
polyesters leads to particularly rapid gelation rates because of their 
initially high functionality, and this has given them importance in cer¬ 
tain applications. 

The course of the hardening process after initial gelation is more 
difficult to know, since the insolubility of the gel makes measurements 
nearly impossible, and it is certain that ordinary solution reaction-rate 
theory cannot apply in a semisolid system. 

The shrinkage in volume (increase in density) that accompanies 
polymerization is rather large (10 to 14 per cent). This shrinkage occur¬ 
ring in a nonthermoplastic mass occasions not a little difficulty in casting 
large sections and gives rise to cracking in the strained material unless 
proper precautions are taken. Moreover, the considerable evolution 
of heat that accompanies the polymerization of double bonds (approxi¬ 
mately 85 cal. per mole) causes appreciable temperature rises, typical in 
mass polymerization. This may not only aggravate the strain situation, 
but with extreme polymerization rates (caused by excessive external 
temperature, catalyst concentration, or both) may actually result in 
carbonization of the material. Handling techniques require, therefore, 


considerable understanding and caution in the selection of the appropriate 
heat conditions and catalyst concentration for each cross section of 
casting or molding required. Proper allowance must, of course, be made 
for the volume contraction in designing mold dimensions. The unsatu¬ 
rated polyesters (being, initially, condensed systems) offer some advan¬ 
tages in giving less shrinkage on polymerization. 

Most of the resin formulations offered to date cure rapidly when cast 

or pressed (in laminates) in the range of 80 to 150 C., depending upon 
the factors mentioned above. Polymerization at room temperatures is, 
however, appreciable, and the mixtures are ordinarily not catalyzed more 
than a few hours or at most a few days before use. It is customary to 
ship the various ingredients separately for mixing at the point of use, 
and the monomers are frequently inhibited with small amounts of stabiliz¬ 
ing agents such as tertiary butyl catechol, guaiacol, or hydroquinone. 

It is almost universally found that polymerization reactions are very 
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sensitive to certain types of impurity or contamination, some of which 
may, even in trace quantities, completely halt the progress ol the reac¬ 
tions. Among such materials are several that may be commonly encoun¬ 
tered in the application of the cross-linked polymers. Copper and its 
salts, phenolic bodies (such as may be extracted from phenolic resins), 
and antioxidants (including those used in rubber compounding) are 
typical of the substances in whose presence proper curing may be difficult 
and sometimes impossible. Contact with such materials is generally to 
be avoided, and where it is inevitable, ingenuity in the choice of formula¬ 
tion and curing schedule is required. A common source of difficulty is 
atmospheric oxygen, which inhibits many resin formulations and leaves 
a tacky or soft area on surfaces exposed during cure, but this may be 
obviated by proper choice of resin, catalyst, and curing conditions. 

PROPERTIES 

As we have already pointed out, infusibility and insolubility are the 
chief characteristics that distinguish the cross-linked polymers from the 
thermoplastic resins. By a proper choice of components, however, a 
very wide range of other properties may be obtained. Mildly cross- 
linked polymers, though still not thermoplastic, may have very rubber¬ 
like properties, exhibiting high elongations; and though their elastic 
response is usually sluggish, these generally exhibit excellent recovery 
from deformation. Other resins may have consistencies ranging from 
masses resembling art gum to extremely hard substances difficult to 
scratch, crush, or grind. 

We are accustomed to predict the chemical properties (solubility, 
reactivity toward reagents) of resins from the nature of the monomers 
used. In the “net” polymers, however, especially in those which are 
hard, these properties are considerably obscured by the difficulty of 
penetration of the rigid structure by solvents or reagents. In general, 
therefore, this group of materials exhibits good resistance to organic 
solvents, acids, alkalies, and oxidizing agents. The soft or rubbery 
resins may, however, swell markedly in solvents. 

Electrical properties are likewise not readily predicted from the 
structural formulas, since they are profoundly influenced by the presence 
of low-molecular-weight polymers contained in the rigid resin. If the 
resin is thoroughly cured, however, it usually exhibits relatively low 
electrical losses, for it constitutes a medium in which dipole rotation is 
severely restricted. For very high-frequency applications, the use of 
pure hydrocarbons is required to obtain minimal electrical losses. 

APPLICATION 

The most important present-day uses of the cross-linked addition 
polymers stem not so much from the unique properties of the cured 
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resins, as from the physical nature of the monomeric materials and their 
polymerization behavior. These properties may be tabulated as fol¬ 
lows, their order of importance depending upon the application in 
question: 

a. Polymerization mechanism; addition, requiring no external reagents 
(such as oxygen) and evolving no by-products (such as water or ammonia). 

b. Cure rate: adjustable over a very wide range of convenient tem¬ 
peratures; may be made very rapid. 

c. Vapor pressures: may be made very low by selection of monomers. 

d. Consistency: very fluid to waxlike, the viscosity of these materials 
may be varied to suit the application. 

In general, this combination of properties lends itself ideally to two 
types of application, whose general features we shall discuss briefly. 

1. Casting.—The fluid nature of the monomers that we are consider¬ 
ing makes them suitable for casting applications, and with proper precau¬ 
tions as to techniques, excellent castings may be made. The production 
of cast objects is, however, of an importance secondary to certain more 
specialized applications. The most interesting of these is the vacuum 
impregnation of electrical equipment, which permits the sealing of 
component parts, especially windings, in a dense, void-free, impermeable 
mass of excellent electrical properties. For such purposes, formulations 
of low vapor pressure are desirable and have been specially developed. 
Especially important in uses of this class is the requirement of thorough 
cure to give minimum electrical losses and to avoid possible production 
of voids in the event of temperature rises from overloads. 

The interest in soft or rubbery resins has arisen largely in connection 
with the “potting” or casting in place of electrical equipment that might 
suffer from exposure to vibration and shock as well as from humidity. 
The filling of aircraft ignition systems in this way has been described, 
and in this application a major advantage of the technique comes from 
elimination of voids and consequent corona discharge in the regions of 


high electrical stress. 

For general purposes, the addition of powdered mineral fillers may 
be used to modify the consistency of the casting liquid, to decrease its 


shrinkage, to produce opacity, or to cheapen the product, etc. 

2. Lamination (Impression Molding).—Because the resin formula¬ 
tions that we are discussing are fluid and because they cure rapidly 
without evolution of volatile by-products, they make possible laminat¬ 
ing techniques that have remarkable advantages over those hitherto 
employed. Layers of fabric wet with the fluid resins may be formed and 
polymerized without the necessity of high pressures to make the laminate 
conform to the mold or to prevent “blowing” during cure. The impor¬ 
tance of this process lies in the elimination of costly molds and presses. 
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Relatively cheap forms made of wood, sheet metal, or plaster may e 
clamped together and cured in an oven; inflated rubber bags may e 
used to apply the necessary contact pressures along the interior of a 
lightly constructed female mold; sheet material may be formed by con¬ 
tinuous process; and tubing may be made on a mandrel with only the 
wrapping tension to hold it in shape. Parts as large as half of a mono- 
coque of an aircraft fuselage have been made in one piece in this way; 
and future manufacture of large pieces of furniture, wall panels, and 
table tops by this means can certainly be anticipated. Laminates so 
made possess great dimensional stability and have very desirable strength 
properties, those made up with glass cloth being unique in this respect. 
Laminates made up with fabrics other than glass cloth are well suited to 
machining operations. With certain of the formulations, it is found that 
the uncured resin makes an excellent adhesive for cured laminates, and 


the joint made in this way has a strength comparable to that of the origi¬ 
nal laminate. If a degree of thermoplasticity is not undesirable, resins 
may be devised which (b} r limiting the amount of cross linking) are suffi¬ 
ciently heat formable to permit the forming of cured sheets by application 
of heat and pressure. 


COMMERCIAL RESINS 

Although the field is relatively new, a very large number of concerns 
now have on the market laminating and casting formulations of the cross- 
linking type. Table I lists these manufacturers with some of the designa¬ 
tions under which this class of product is sold. 


Table I 


Manufacturer 

General Electric Co. 

E. I. dePont de Nemours <fe Co. 

Dow Chemical Co. 

Bakelite Corp. 

American Cyanamide & Chemical Co. . . 

Monsanto Chemical Co. 

Pittsburgh Plate Glass Co. 

Pittsburgh Plate Glass Co. Columbia 

Chemicals Division. 

Libby-Owens-Ford. 

Westinghouse Electric Corporation. 

Ault & Wiborg Co. 

Marco Chemicals Corp. 

Resinous Products & Chemical Co. 

B. F. Goodrich Chemical Company. . . . 


Designation 

Permafil 

BCM 

Q.166, 

XRS-16631 

Laminae 4000, Laminae 4122 
Thalid X100, Thalid X500 
Selectron 5003 

CR-39, CR-149, CR-170 

Plaskon 900, Plaskon 911 

Fosterite 

No. 9882 

MR 

Paraplex P-10 
Kryston 


Tables II and III summarize the properties of some cast resins. The 
variation from rigid to elastic materials is especially marked in the com¬ 
parison of Laminae 4122 and Paraplex P-10. Table IV gives the prop- 
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erties obtainable in a laminated glass-cloth construction. These data 
are chosen as typical of the values reported by the resin manufacturer. 


Table II.— Mechanical Properties of Some Cast Resins 



Laminae 

4122 

CR-39 

Q-166 

Paraplex 

P-10 

Specific gravity. 

1.23 

1.32 

1.02 


Modulus, tension, p.s.i. 

3.5 X 10 5 

— 

2.5 X 105 


Tensile strength, p.s.i. 

Elongation, ultimate, %. 

6,270 

6,000 

l,900f 
200-300f 


Modulus, flexure, p.s.i. 

3.1 X 10 6 

3.2 X 10 5 

7 X 10 4 

640 

Flexural strength, p.s.i. 

14,900 

8-10,000 

2600 

— 

Compressive strength. 

26,400 

— 

— 

— 

Impact strength,* lb. per in. 

0.19 

0.4-0.5 

8.8 

— 

Hardness. 

M93§ 

— 

54 § 

68|| 

Water absorption, %. 

0.46 

0.2-0.4 

— 

— 

Brittleness temperature, deg. C. 

— 

— 

-40 

-30 

Heat-distortion temperature, deg. C. 

100 

62 

60 

— 


*Izod, notched. 

t Yields at 1,500 p.s.i. 5 to 10 per cent elongation. 
t Load at 100 per cent elongation. 

5 Rockwell. 

|| Shore “A” Durometer. 


Table III.—Electrical Properties of Some Cast Resins at Room Temperature 



Laminae 

4122 

CR-39 

Q-166 

Paraplex 

P-10 

Power factor: 

HO rvclcs . 

0.01 


• 

0.004 

1 A3 ovolfKi 

_ 

0.012 

0.0086 

0.009 

10 6 ovclos . 

0.03 

0.054 

0.016 

0.029 

Dielectric constant: 

fiO ovclos . 

4.2 



4.0 

in* ovclos . 

- 

3.92 

3.51 

3.8 

10® pvoles . 

3.5 

3.74 

3.26 

3.4 

Dielectric strength,* volts per mil. 

520 

354 

— 

520 


* in. specimen. 

Because of wartime secrecy restrictions and because the field is so 
new, the foregoing discussion is necessarily incomplete. However, we 
may expect that with time a large number of new' and improved compo¬ 
sitions will emerge from the various laboratories working with cross- 
linked addition polymers and that these will become increasingly familiar 

in all phases of the plastics art. 

The literature on the cross-linked polymers is very meager at present 
and lies almost exclusively in the patents on this class of matenal and 
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Table IV.—Properties of a Glass-cloth Laminate 

Resin: Laminae 4122 (45% by weight) 

Filler: 4 plies of Fiberglas ECC-162 

Curing conditions: 0.5% lauroyl peroxide 45 min at 100°C., 30 p.s.i. 

pressure 

Physical Properties* 

Specific gravity. 

Modulus—tension. 

Tensile strength. 

Hardness (Rockwell). 

Modulus—flexure. 

Flexural strength. 

Compressive strength. 

Electrical Properties 

Power factor: 


10 6 cycles. 0 02 

25 X 10 6 cycles. 0.04 

Dielectric constant: 10 6 cycles. 5 

25 X 10 6 . 6 

Resistivity. > 10 12 ohm-em. 

Chemical Properties 

Gain in weight, 24 hr. immersion at 25°C.: 

Distilled water. 1 3% 

Bromatic gasoline. 10 

Benzene. 3.0 

Acetone. 6.9 

Gain in weight, 15 min. immersion in boiling water. 0.5 

* First value _L to warp; second value || to warp. 


process. Literature descriptive of certain of the products is available 
from the manufacturers (see page 231), and the following are a few scien¬ 
tific papers of interest: 
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1.70 

1 34-1.11 (10 6 ) p.s.i. 
41,300-33,100 p.s.i. 

M84 

1.66-1.45 (10 6 ) p.s.i. 
1,710-1,620 kg per cm. 1 
50,900 p.s.i. (flatwise) 
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SILICONE RESINS, RUBBERS, AND RELATED PRODUCTS 

By Arthur M. Ross, Jr. 

Formerly of the General Electric Research Laboratory, Schenectady, New York; currently 

affiliated with Ross and Roberts, Inc., West Haven, Conn. 

Introduction. —From orthodox chemical reasoning we might ex¬ 
pect the unique property of carbon atoms to form valence chains 
(• • • —C—C—C—C—C— • • •) to be shared by its close relative 
silicon. This element appears in the Periodic Table immediately below 
carbon in Group IV, and the two elements resemble each other in many 
typical respects. The expectation, however, that we might evolve a 
silicon chemistry analogous to that of carbon is, however, doomed to 
disappointment in consequence of the instability and reactivity of the 
silicon-silicon and silicon-hydrogen bonds. 

The silicon analogues of methane, ethane, and propane are silane 
(I), disilane (II), and trisilane (III), and these have been prepared 

H H H H H H 

i ii iii 

H-Si-H H-Si-Si-H H-Si-Si-Si-H 

i ii iii 

H H H H H H 

I II III 

but their properties differ in many respects from those of the paraffin 
hydrocarbons. With increasing chain length, this series of homologues 
becomes less and less stable; no member of the series having more than 
six silicon atoms has been synthesized, and these decompose at moderate 
temperatures into silicon, lower silanes, etc. Apart from thermal 
instability, however, the silanes are readily susceptible to hydrolysis by 
water in alkaline mediums. Thus, disilane reacts as follows: 

(OH-) 

SiHj-SiH, + 4H 2 0-> 2Si0 2 + 7H 2 

It is of interest to note that both the Si—Si and the Si—H bonds are 
destroyed in this process. 

Nomenclature. —We shall, in considering the silicon-containing poly¬ 
mers, largely be interested in organosilicon compounds, and current prac¬ 
tice in naming such compounds is reviewed briefly below: 

1. Compounds derived from the silanes (I, II, III, etc.) by substitution 

of organic radicals, halogens, etc., are named as silane derivatives. Foi 
example, 
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(CH 3 ) 3 SiH Trimethylsilane 

(CH 3 ) 2 SiCI 2 Dimethyldichlorosilane 

(CH 3 ) 3 Si- Si(CH 3 ) 3 Hexamethyldisilane 

2. Compounds containing the linkage Si—O—Si are named as siloxane 
derivatives. For example, 

(CH 3 ) 3 Si - O - Si(CH 3 ) 3 Hexamethyldisiloxane 

c 6 h 6v ' CeH6 

/ ^ \ ✓ CeHfi . , . 

O Si Hexaphenylcyclotrisiloxane 

' Si - O N CeHfi 

c<iH6 ' c 6 h 6 

3. Compounds containing one or more hydroxyl groups attached to 
silicon are named by adding -ol, -diol, -triol, etc., to the root name. For 
example, 

(C 6 H 6 ) 3 SiOH Triphenylsilanol 

(C 2 H 6 ) 2 Si(OH) 2 Diethylsilanediol 


Polysiloxanes. —Evidently silicon is capable of forming siloxane units 
having functionalities of 1, 2, 3, or 4. If we indicate by R an organic 
radical or hydrogen, these units may be written generally as 


R 

I 

R- Si - O- 

i 

R 

I 

I 

o 

I 

R - Si - O - 

I 

O 

I 


R 

i 

R- Si - O- 

I 

O 

I 

II 

I 

o 

I 

- o - Si - o- 

I 

0 

I 



All the recently developed polymers known as “silicones” are polycon- 
densates comprising units of one or more of the above types. It is 
interesting to note that the crystal of (3-quartz is, in fact, a polymer 
having the net structure derived from IV above. Our discussion 
reduces itself, then, to describing the preparation and properties of the 
polyorganosiloxanes. 

Synthesis. —Between 1864 and 1904, several methods were developed 
for the laboratory preparation of organosilicon compounds. These 
involved substitution of chlorine in silicon tetrachloride by sodium con¬ 
densation with an organic halide or by treatment with a reactive metal 
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alkyl, or by reaction of ethyl silicate [Si(OEt)] 4 with a metal alkyl. The 
first preparation of commercial importance was that of Kipping (1904) 
which involves reaction of silicon tetrachloride with Grignard reagents. 
This reaction proceeds in a series of steps as follows: 

RMgCI + SiCI 4 -> RSiCIs + MgCI 2 
RMgCI + RSiClj -> R 2 SiCI 2 + MgCI, 

RMgCI + R 2 SiCI 2 -» R 3 SiCl + MgCl 2 
RMgCI + R 3 SiCI -> R 4 Si + MgCI 2 

The resulting mixture of substituted silanes must then be separated by 
fractional distillation. This method is the basis for some present-day 
commercial preparations. 

Recently, the important discovery has been made that organic 
halides mil react with elementary silicon preferably in the presence of 
copper as a catalyst. When methyl chloride is passed over a heated 
mass of sintered silicon-copper alloy, a mixture of the various methy- 
chlorosilanes results. This reaction takes place through the formation of 
a copper alkyl and cuprous chloride. The latter compound reacts with 
a neighboring silicon atom, and this partially chlorinated atom is then 
reactive toward (1) CuCl, (2) copper alkyl, or (3) free alkyl radicals 
from decomposition of the copper alkyl. This mechanism may be 

written 


(D 

( 2 ) 

(3) 

or 


or 


2Cu + CH 3 CI — CuCl + CuCH 3 
Si + CuCl — Cu + SiCI] 
[SiCI] + CuCl —»Cu + SiCI 2 ] 

[SiCI] + CuCH 3 -> Cu + [CH 3 SiCI] 

[SiCI] + CH 3 - [CHaSiCI] 


wherein the reactive intermediates [ ] continue, by one of the above 

processes, to react and form a mixture of the various methylchlorosilanes 

[(CH,)„Si(Cl)4-»]. 

Unlike the alkyl halides, the chlorosilanes are very reactive and the 
halogen atoms are rapidly hydrolyzed by water. Undoubtedly the first 
stage in this process is the production of the corresponding silanols, but 
these can only infrequently be isolated. The trialkyl and triaryl silanols 
are fairly stable, but only those silanediols in which R is large can be 
isolated (e.g., diphenyl- and dibenzylsilanediol). In general, the silanols 

undergo spontaneous condensation to siloxanes. 

The products of hydrolysis and attendant condensation are more com- 

plex than would be expected from reasoning based on analogues in the 
field of carbon chemistry. Thus, although the monohydric silanols 

react as would be expected to form disiloxanes, for example, 


(CH 3 ) 3 SiCI 


H 2 O 


[(CHs) 3 SiOH] -> (CH 3 ) 3 SiOSi(CH 3 ) 3 + H 2 0 
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the dihydric silanols undergo intermolecular condensations to give a wide 
distribution of ring compounds as well as linear chains, for example, 


CCH 3 ) 2 SiCI 2 -> [(CH 3 ) 2 Si(OH) 2 ] 


* 


CH 


\ 

✓ 


/ CH 
Si - O . 



CH 3x ' 

Si 

CH/ 'O-Si' 

ch 3 ' 


, ch 3 
Si v 

■ ch 3 

o 



Rings containing as many as 80 atoms (8 units) have been isolated from 
the hydrolysis of dimethyldichlorosilane. Chain compounds having the 
general formula 

HO - [(CH 3 ) 2 SiO]n - Si(CH 3 ) 2 OH 

are also produced in this process, and these appear capable of attaining 
considerable length as judged by determination of end groups. 

Hydrolysis of the trichlorosilanes gives rise to net polymers of great 
complexity which are insoluble and infusible, in accordance with their 
trifunctional character. Likewise, silicon tetrachloride gives rise to a 
highly cross-linked silicic acid gel on hydrolysis. 

In practice, it is found desirable to utilize mixtures of the four types 
of chlorosilane which are hydrolyzed and condensed to give copolymers. 
A typical section of chain having all four units might be symbolized 

I 

ch 3 ch 3 ch 3 o ch 3 

I I I I I 

(CH 3 ) 3 Si - O-Si-O-Si-O-Si-O-Si-O-Si-O- • • • 

i i i i i 

ch 3 o ch 3 o ch 3 

I I 


The effect of varying the proportions of initial reactants is demonstrated 

in Table I, which gives the density and index of refraction of the polymers 

as a function of the carbon-silicon ratio for various methyl siloxane 
polymers. 


Table I. Density and Refractive Index of Methylpolysiloxanes 


C-Si ratio 

Density 

Refractive index 

0 (quartz) 

2.21 

1.458 

1.2 

1.20 

1.425 

1.3 

1.15 

1.422 

1.4 

1.08 

1.421 

1.5 

1.06 

1.418 

2.0 

0.977 

1.406 
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Silicone Products. Resin Solutions .—Products made from the poly- 
siloxanes thus far fall into several classes of very different properties. 
The first group are solutions of partially condensed silicone resins in a 
convenient solvent, such as toluene. The available products differ as to 
source and may be copolymeric in nature and with varying degrees of 
cross linking. Cocondensates of methyl and phenyl silanols have been 
described and are said to have advantages over the condensates of either 
one alone. In the plastics field, such solutions are useful for laminating 
layers of glass cloth. Of particular interest is their application to wires 
served with glass fibers to produce insulated conductors for winding 
motors and the like. The most remarkable property of the silicone 
resins is their resistance to heat. Methyl silicone resins have been pre¬ 
pared which show no decomposition or disintegration over a period of 
years at 200°C. It appears that the limitation in life at high tempera¬ 
tures is the oxidation of the methyl groups, since the primary valence 
chain of the polysiloxanes is completely unaffected by oxygen. 

Electrical properties of the silicone resins are excellent (low dielec¬ 
tric constant, low power factor), and they possess an additional advantage 
in being nontracking because they oxidize to silica without leaving a 
carbonaceous residue. Some data taken from bulletins of the manufac¬ 
turers are given in Table II. 


Table II.— Approximate Properties of Silicone Resin Solutions 

1. Solvents and thinners: toluene, petroleum spirits, alcohols. 

2. Solids content : 35 to 60%. 

3. Drying times: 


Time, hrs. 


Temp., 
deg. C. 

Fast-curing 

types 

Slow-curing 

types 

100 

2-3 

— 

150 

H- 1 

— 

175 

H-% 

3-4 

200 

y^-Vs 

1-2 

250 

— 

M-l 


Data on properties of impregnated glass cloth and laminates are at present 
fragmentary, but the following figures may be taken as roughly typical. 


Laminates (using chemically cleaned Fiberglas) 


Flexural strength (25°C.). 

Water absorption (1 week at 25°C.). • 

Dielectric constant (25°C., 50% RH at 1 megacycle) 
Power factor (25°C., 50% RH at 1 megacycle) 


28,000-30,000 
0.3-0.5% 

4.0 
0.0035 


p.s.i. 
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Treated Glass-cloth Insulation 

Heat endurance. Flexible for 1,200-4,000 hr. at 

200°C. depending on type. 

Does not craze for 600 to 17,000 hr. 
and more at 200°C. depending 
on type. 

Dielectric strength (on 0.0035 in. 
glass cloth built up to 0.009 in.. . 1,100-1,200 volts per mil 

Power factor (80°C., 50% RH, 60 
cycles). 0.08 

The silicone resins are thermosetting and infusible in their finally 
cured state. Silicone products that are thermoplastic (and must there¬ 
fore contain a negligible number of cross links) fall into two classes. Of 
very considerable interest are the silicone oils, whose characteristics are 
worth consideration (even though they do not strictly belong in a dis¬ 
cussion of plastics) since they reveal certain characteristics of silicone 
polymers. 

Oils .—Like the resins, the silicone oils possess an unusual resistance 
to thermal oxidation. In addition, they are noncorrosive, have higher 
flash points than petroleum oils of equal viscosity, are very insoluble in and 
will dissolve in extremely little water. They possess low dielectric con¬ 
stant (2.8, approximately) and power factor (0.0004, approximately) 
over a very wide frequency range at room temperature. They are avail¬ 
able in grades that exhibit extremely low weight losses at temperatures as. 
high as 175°C. Their most remarkable characteristic, however, is their 
remarkably small change of viscosity with temperature. An example 
of this is given in Table III. It is possible to produce a silicone oil so 


Table III 


Temp., 

Viscosity ratio: vise. (t)/visc. (100°F.) 

deg. F. 

Silicone oil 

100 V.I. Paraffinic petroleum oil 

% 

210 

0.4 

0.13 

100 

1.0 

1.0 

0 

3.5 

94.0 

-35 

6.6 

1800.0 

-70 

15 6 

. 


nonvolatile that it loses less than % per cent of its weight in one week 

at 175°C. (347°F.) and possesses a pour point (A.S.T.M.) as low as 
- 120°F. 

The inertness and lack of polar characteristics of silicone oils makes 
them inferior as boundary lubricants by themselves. However, their 
remarkable viscosity-temperature characteristics make them valuable 






240 


FUNDAMENTALS OF PLASTICS 


as hydraulic mediums for many uses, in particular as pumping and dash- 
pot fluids. In addition, the silicone oils should be excellent as liquid 
dielectrics. They are effective antifoaming agents in lubricating oils. 
It is remarkable that despite their low dielectric constant they have no 
swelling or solvent action on rubber nor on the common plastics and, 
hence, make superior mold lubricants. Greases based on silicone oils 
retain their consistency over wide temperature ranges, are inert, water- 
insoluble, and nonvolatile, and are highly useful as lubricants for plug 
cocks and valves, as well as semisolid dielectric mediums. 

Rubbers .—Certain high polymeric siloxanes possess rubberlike elas¬ 
ticity and are now commercially available for uses requiring highly elastic 
properties. One type of silicone gum resembles natural pale crepe 
rubber roughly, but it is weaker and less elastic. Compounding and 
processing details are not available, but some conventional rubber fillers 
may be used, and the compounded stocks are very soft and plastic, 
lending themselves readily to conventional mixing and forming equip¬ 
ment. Evidently, because of its saturated structure, silicone rubber 
cannot be vulcanized by conventional means, but methods have been 
found for accomplishing this. Silicone rubber may also be obtained in 
the form of a viscous paste compounded for use as a knife-coating stock 
for fabrics. The vulcanizates are, in general, considerably weaker than • 
those of rubber or the synthetic elastomers. But certain of their prop^ 
erties are so unusual as to have already found a unique place in the rubber 

field. 

Most outstanding is the resistance to high temperatures character¬ 
istic of polymers based on the silicon-oxygen as against the carbon- 
carbon skeleton. Certain of these rubbers are said to withstand 200°C. 
for long times and to be nearly unimpaired after several days at 300 C. 
It is conservatively estimated that silicone rubbers may be used in 


continuous operation at 150°C. 

Another remarkable property of the elastomer is its very low com¬ 
pression set at temperatures so high as to destroy completely the e as- 
ticity of natural rubber and other synthetic rubbers. In addition, it 
possesses the advantages of resistance to oxygen, ozone and ultraviolet 
light, properties characteristic of saturated polymers. Sihcone rubbers 
have excellent low-temperature flexibility and maintain their high eh*- 
ticity at very low temperatures. At -80°C„ the rubber is stiff and 
dead but not brittle; at -45°C., its flexibility is practically equal tha 

at room temperature. , 

The combination of properties described above has aimiy 

sihcone rubber the solution to several difficult problems encountemd m 

the design of war equipment that must operate above temperatur 
“ther rubbers L These include gaskets for aircraft superchargers 
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and Navy searchlights, in which advantage is taken of its heat resistance 
and low compression set. Tensile strengths of vulcanizates now avail¬ 
able are not high (less than 1,200 p.s.i.), and in some applications rein¬ 
forcement with glass or asbestos fabrics is indicated. 

When appropriately compounded, certain silicone polymers exhibit 
very unusual plastic-elastic properties. A puttylike material has been 
prepared which is very soft and may be kneaded and pulled without 
observable elastic recovery. When this is rolled into a ball, however, 
it may be bounced and possesses a very high percentage of rebound,, 
certain types exceeding that of vulcanized natural rubber. This remark¬ 
able dependence of elastic properties on rate of stress stimulates thought 
as to the mechanisms of rubberlike behavior. 

Silicone Surface Treatment .—Mention should be made of the process 
of treating certain surfaces (especially ceramic coil forms) with the 
vapors of methylchlorosilanes. This treatment, by reaction with 
adsorbed moisture on the surface, produces a submicroscopic resin film 
with remarkable water-repelling properties. The treating process has 
thus far been developed mainly for use on ceramic coil forms to improve 
surface resistivity under conditions of high humidity, since water con¬ 
denses to form minute discrete droplets of large contact angle on such a 
surface rather than a continuous, and hence conducting, film. Develop¬ 
mental work in connection with textiles, paper, glass, and miscellaneous 
plastics is in progress. 

Because the silicones are newcomers in the plastics field, and because 
of the necessity of wartime restrictions on the circulation of information, 
the literature on this subject is not voluminous. Below are listed some 
of the scientific papers of interest and some of the technical data so far 
released. 
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Corporation, Midland, Mich. 


Patents 


The following list covers most of the patents of contemporary interest. 
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CHAPTER XV 


PLASTICS PRODUCT DESIGN* 

By J. H. DuBois 

Shaw Insulator Company, Irvington, N. J. 

The first responsibility of the mold designer is to check over the 
product design very thoroughly and produce, when necessary, a com¬ 
promise design that will be moldable by the production methods and 
equipment available. It is probably possible to design and build a mold 
for every conceivable product if the user can afford the cost. There are, 
however, certain fundamentals of good design for molding which should 
be observed to get lowest cost, continuous production, and good quality. 
It is often left for the mold designer to discover the faults in a design 
and to make correction before the mold is built. He must correct the 
drafting errors, the sections that are unmoldable, tolerances that are too 
close, inserts and parting lines that will be overcostly to clean, also check 
any other features that might cause production, cleaning, or field service 
trouble. The mold designer must also make sure that the product 
design is right before he designs the mold. 

MATERIAL SELECTION 

The material specified for the job, and any others that may per¬ 
haps be better suited to the purpose, must be considered by the mold 
designer. The material chosen will determine the type of mold to be 
used and may govern the number of cavities contained therein. Full 
knowledge of the properties of the several kinds of molding materials 
is of utmost importance to the mold designer, and considerable special 
study must be given to the problem of material selection. 

In general, it must be remembered that selection of the proper 
material requires consideration of the good points and the weak points 
of each material considered for the job. No one material will have all 
the qualities desired and no weak qualities. Undesirable characteristics 
must be compensated for in the product design. 

It is of prime importance to consider the effect on the product of 
substitution of material after the mold has been designed. Such things 

* This chapter is taken from “Plastics Mold Engineering,” by J. H. DuBois and 
W. I. Pribble. It is included here by special permission of the authors and the 
American Technical Society of Chicago, Publisher. 
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as dimensional stability, cold flow, moisture absorption, inflammability, 
hardness, electrical properties, chemical resistance, impact resistance, 
and mechanical strength may require a change of material or an alter¬ 
ation in the product design. If it is necessary or desirable to alter the 
original specifications, it should be done before the mold is designed. 

The only material that may be used for products requiring maxi¬ 
mum dimensional stability are the mineral-filled phenolics. The 
styrene, vinyl, and ethyl cellulose materials are much better than the 



(Victor Adding Machine Co., Chicago.) 

other thermoplastics for products requiring dimensional riaWitjuDo 

not expect to produce parts having close tolerances from *e «e^, 

methacrylate, urea, or cloth-filled phenohc matena^ The — ? 

filled phenolic compound, given an after-ba mg P ’ ust main- 

material that may be used for products that must have and 

,ain close tolerances after moldmg. 1 he d ' m f“ lona ' “““ length 
various materials is affected by temperature, on le “ Tic; 

most of them is reduced by elevated or to.. (cold 

thermoplastic materials change dimensions ) p y 
flow) at temperatures near their softening point. 
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Plastics products must not be used for the critical parts ot machines 
or instruments where the performance of the device is dependent on the 
dimensional stabilit}' of the molded piece. In business machines, radio 
cabinets, and similar “housing” applications, the design will be satisfac¬ 
tory if the inner mechanism is not supported by the housing. The 
mechanical parts of the unit must be supported and mounted on non¬ 
plastics materials (Fig. 1), the plastics enclosure serving only as a housing. 

Many good plastics insulating materials have poor resistance to 
electrical arcs, therefore those selected for products that may be sub¬ 
jected to a flash over the surface must be considered carefully. The 



Fig. 2. Electrical switches that handle large current values may require a refractory 

cold-mold material, as shown above. 


phenolic materials generally are not good for these applications. Some 
of the special-purpose phenolics have satisfactory arc resistance for 
ignition equipment and other low-current high-voltage arcs. Pieces of 
vulcanized fibre or fish paper may be loaded in a mold of proper design 
to provide surfaces that mil resist electrical arc. The urea and melamine 
materials are much superior to the phenolics in arc resistance. The 


melamines especially are giving excellent service in airplane and auto¬ 
motive ignition parts. Power arcs, such as those produced in high- 
current switches, require refractory cold-mold materials (Fig. 2) that 
will do a satisfactory job under severe conditions. Some of the thermo¬ 
plastic materials have fairly good arc resistance, but their low melting 
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point and lack of dimensional stability 
often prevent their use in electrical 
equipment. 

Parts that may have electrical arcs 
flashed over their surfaces should be rede¬ 
signed so the contacts will be elevated 
(Fig. 3). This will decrease the possibility 
of the arc traveling along the surface of 
the product and permit use of the low-cost 
phenolics in many applications. 

Other electrical considerations involved 
have to do with dielectric strength and 
electrical losses. Low-loss materials must 
be used in high-frequency circuits. In¬ 
sulation thickness must be adequate for 
the voltage, and sharp comers must be 
eliminated from high-voltage products. 

Sharp corners raise the voltage gradient and reduce dielectric strength. 
Inserts used in high-voltage parts must not have sharp comers, and they 
must have adequate material surrounding them. 



Fig. 3.—Booster-coil housing 
for aircraft-engine ignition as¬ 
sembly is molded of Melmac. 
Note the elevated contacts to in¬ 
crease the electrical creepage dis¬ 
tance. ( American Cyanamid Co., 
Xcw York, X.Y.) 




L, BULK FACTOR OF HIGH IMPACT RESISTANT 
PHENOLIC MOLDING MATERIAL 8 TO 1 


BULK FACTOR OF GENERAL 
PURPOSE PHENOLIC MOLD- 
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(Hokeltic Corporation, Xcw torn.) 


taterials, 


When considering the published properties of the: varioueu 
it must be remembered that the values g-ven are - - not 

when choosing among several kinds of materials. 
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always safe for mathematical calculations of electrical and mechanical 
strength. The only safe method of determining whether or not a given 
material and cross section are adequate is by test. Many factors will 
modify the expected results, and suitable tests must be made in all cases 
of doubt. When necessary, a sample mold must be constructed for 
material tests before going ahead with the production mold. Sample 
molds may be tried before hardening so that design changes may be 
made as indicated by the tests. 



Fig. 5. Above (left): This mold offers ample loading capacity and provision for heating 
when general-purpose wood-flour-filled materials are used. Molding pressure, 2,500 p s i 
Right: For high-impact-resistant, fabric-filled materials the same mold is seen to be 

= QUat . e ! an ^\ t wlU . , bo , foun d weak in structure for the pressures demanded (4,000 to 
6,000 p.s.i.) ; Below: Mold redesigned to provide sufficient depth for loading the fabric- 
filled materials. Provision has been made for uniform heating, and the mold is made 

stronger to withstand the higher pressures. Bulk factor is adequate to material. (Bakelite 
Corporation, New York.) 

The design of the mold is dependent on the type of material used. 
For example, a cloth-filled compound is bulky and requires large load- 
ing space in the mold (Fig. 4). Holders are frequently in trouble 
because products designed for the wood-flour phenolics prove inade¬ 
quate in certain respects, and it becomes necessary to make a material 
change for greater strength. The higher impact phenolics cannot often 
be molded in the loading space suited to the wood-flour materials and 
without due consideration of this fact, major changes may be required 
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(see Fig. 5). Be sure the loading space is adequate for the materials to 
be used. 

Another important material selection consideration is whether or 
not the material desired can be molded in the section and shape required. 
The very high-impact phenolics have poor flow and may not be used for 
thin-walled parts or for designs requiring considerable flow in compression 
molds. Some materials cannot be used freely for designs that incorporate 
inserts; others are inadequate for products having both heavy and thin 
sections. All these conditions must be investigated by the mold designer 
in advance so that an alternative material may be used if the material 
originally selected is found to present molding problems. Later chap¬ 
ters wall name the various types of molds and discuss the many considera¬ 
tions that tie in with the material-selection problem. 


MOLD ABILITY 


The molded 
has hardened. 


piece must, of course, come out of the mold after it 
For economical production, the product should be 



Tig. 6.- 

projections. 
projection. 


(General Electric Co., Pittsfield, Mass.) 


designed jvithout undercuts or projections that will lock it m ^ e mo1 ^ 
t s possible to design molds for production of pieces that must con 
Win undercuts but this construction will be uneconomical for many 

,-„t or side-cored sections, draw out of the 
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products. Loose mold wedges are to be avoided if possible, even at the 
expense of a major redesign of the product. 

Internal undercuts cannot often be molded at reasonable cost and 
must be eliminated in most cases. Many undercuts may be avoided by 
extending internal projections or bosses to the bottom and external 
projections or bosses to the parting line, as shown in Fig. 7. Simple 


PARTING LINE 



EXTERNAL PROJECTION 

- EXTENDED TO 

PARTING LINE 


-DRILL AFTER MOLDING 


INTERNAL PROJECTION 
EXTENDED TO BOTTOM 

Fig. 7.—Redesign of piece to facilitate molding. Dotted lines indicate original design 


undercuts may be machined at small cost. Products requiring internal 
undercuts should be redesigned as an assembly of two molded pieces 
or with the addition of a simple metal part or a machining operation. 
A side hole extended to the inner wall may serve to eliminate an internal 
undercut. Some undercut pieces, such as the one shown in Fig. 8, may 



PAD 


KNOCKOUT / 
PIN 



PART IS 
REMOVED 
BY SLIDING 
MOTION 


MOLD CAVITY 


Fig. 8. — Left: Cover unit with undercut handle molded without use of a split cavity 
Right: Knockout bar pushes part out of cavity, where it is released by a sideward sliding 
motion, as shown in sketch. 


be molded by sliding or turning the piece when removing it from the 
mold plunger. Side-ram or angle presses are helpful for the production 
of pieces having side undercuts or projections, and they should be con¬ 
sidered when such presses are available. 

Parts with undercuts (Fig. 9) may sometimes be stripped from the 
mold without breaking off the projection that forms the undercut. 
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This is especially true of small shallow undercuts or when using the, 
tough elastic materials such as the acetates. 

It is often less difficult to produce pieces having side cores by applying 
the injection method. Injection molds may be designed Math cam- 

operated side cores for the automatic 
molding of many difficult jobs. Side 
cores for transfer and compression 
molds must generally be operated 
manually, though in some cases they 
are operated by means of auxiliary 
pressure cylinders on the side of the 
mold. 

Location of gates (Fig. 10) must be 
determined for injection and transfer 
, molded pieces, and some products will 

Fig. 9.—Heavy undercuts may be , . , c .... , .. , 

.stripped from mold if section is large require redesign, to facilitate gating and 

enough to permit distortion without removal. Removal of the gate 

breaking part. Note tapered ends on ® , , 

undercut. These facilitate release leaves a mark Oil the part, Which must 

from mold. b e removed by grinding and buffing. 



Frequently, the character of the material or the design of the part will 
dictate the location of the gate, and slight changes may be desirable to 
facilitate gate removal. In making this analysis, the mold designer 
should decide whether or not a slight design change will facilitate removal 
of the gate or make its appearance less objectionable. Parts should 



F,G 10. The black pieces (renter) inieX 

mled^'h^g'.e" loid without disfiguring the piece. 

he gated on an accessible hidden surface when possible. Htt. £ 
must he gated on an external surface the gate shou ^ 

"•her projections and placed where « ° ^ tan Aplastic 

and buffed when necessary, t-ates toi pans moi 
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materials should, when possible, be designed for removal by breaking, 
or by cutting in a die that will cut the gates from all cavities in one 

operation. 

Parting Lines—The cost of finishing the piece after molding often 
amounts to a large percentage of the direct labor cost of the part. 1 he 
mold designer must make every effort to minimize the finishing costs 
through improved product design. Parting lines are a necessary evil 
in all molding. Flash must be removed at this line and, on many prod¬ 
ucts, buffing vail be necessary. Good designers minimize cleaning 



BEADED PARTING LINE 


PEAKED PARTING LINE 



Fig. 11. — Above: It is often desirable to peak or bead the parting line above surrounding 
surfaces to facilitate cleaning. When this is done, a knife or file will do a good job of 
cleaning without marring surrounding areas. Below: Finished parts show both peaked 
and beaded parting lines. 


costs by using straight parting lines, which clean and buff easily. Molds 
that have straight parting lines cost much less than those which have 
curved or stepped parting lines. When the parting line does not come 
at the corner of the part, it should be elevated above surrounding sur¬ 
faces so these surfaces will not be marred or cut by the cleaning tools. 
Such parting lines are said to be “beaded” or “peaked” (Fig. 11). 

Flush parting lines are sometimes necessary in certain designs, and 

it may be desirable to fashion the product so that the parting line may 

be undercut in cleaning, as shown in Fig. 12. Many designers take 

advantage of this undercut parting line to add a stripe of color, paint- 
ing it on after undercutting. 
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Reeds and flutes are frequently used as surface decorations for 
molded products. These flutes or reeds must stop immediately below 
the parting line (Fig. 13) so that cleaning may be done on a straight 



j,-, G 10 —The flush parting lines on this receiver-transmitter were undercut to give 

the piece "a trim appearance and eliminate costly buffing. (Bell Telephone Laboratories, 

New York.) 



surface. A straight parting line eliminates the difficult job of following 

the contour of the decorations when filing the flash. 

The use of a bead at the parting line is helpful in avoiding close 

_alignment and contour matching of 

PARTING d ^ the cavity and plunger. This is an 

important factor in the cost of 
multiple-cavity molds. Stepped 
parting lines (Fig. 14) are exten¬ 
sively used to get clean sharp lines 
that can be cleaned of flash by 
simple, inexpensive operations. 
The stepped parting line uses a step 

of 0.010 to 0.020 in. and serves to eliminate extremely close and costly 

alignment of multiple-cavity molds. 

The parting lines of most products normally will come at the edge 

PARTING 
UN£ 


Fig. 13.—Stopping decorative reeds 
below parting line makes it unnecessary to 
file along each reed. The parting line 
shown above may be cleaned by a single 
straight stroke of the file. 






_ 0.095' 

facilitating inexpensive cleaning. 

o, comer, where .hey will tumble clean or 

an extremely sharp corner at the P«rt« 
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line should not be approved without a check to make sure that the slight 

radius to be added in cleaning will not be objectionable. 

Loose wedges and side cores produce fin lines, and these must be 
treated as parting lines. Loose wedge areas may be stepped back 
from the plane of surrounding surfaces to minimize cleaning costs (see 
Fig. 6). If the product design calls for irregular or otherwise difficult 
parting lines, it will be well to consider the use of injection or transfer 
molding processes, since these minimize flash lines. All the cloth-filled 
materials produce a heavy flash at parting lines when compression 
molded. Products that have irregular parting lines should be molded 
in transfer molds when cloth-filled materials are specified. The saving 
in finis hin g cost will, in most cases, offset the additional mold and mate¬ 
rial expense. 

Finishing costs are an extremely important part of the total cost of 
products made from the thermosetting materials, and the mold designer 
should always design the mold in such a way as to minimize this expense. 
Lowest costs are obtained from designs that will tumble clean after 
molding. 

Knockout Pins.—Most molds use knockout or ejector pins to push 
the part out of the cavity or off the mold force. It is possible to mold 
pieces without the aid these pins afford, but it is better to use them for 



Fig. 15.—Knockout pins may be given some decorative treatment of the kind shown above, 

or they may carry molder’s identification mark or cavity number. 

all parts that are to be produced in volume at lowest cost. The mold 
cavity number and the molder’s identification mark are often placed on 
the knockout pins. These knockout pin marks should appear on a 
hidden surface of the piece, and, as it is nearly always possible to design 
the mold so that the part will hold to either section, the knockout pins 
may be located accordingly. The point of location of the pins should be 
decided upon when the production drawings are made, as arbitrary 
placing of the pins may not be agreeable to the user and some redesign 
may be necessary to effect a compromise. If the knockout pins are 
placed on an exposed surface, the problem should be referred to the stylist, 
who will decide upon the spacing and decoration that will be least objec¬ 
tionable. Concentric rings and other simple designs are sometimes used 
to decorate or conceal the pin marks, as shown in Fig. 15. It is not pos¬ 
sible to keep the knockout pin marks flush with the surface at reasonable 
cost. An understanding must be reached to govern the allowable 
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variation above or below the surface. In general, a total variation of 
0.015 in. is desirable for trouble-free production at no excess cost. 

Knockout pins should not press against thin areas. It is desirable 
to have these pins located where they will push against ribs when possible. 
This is especially the case with the thermoplastic materials, which are 
often ejected while soft and easily distorted. Large-area knockout pins 
are required for thin sections and soft materials. Cold-mold products 
often use a large portion of the cavity area as a knockout pad to 
minimize distortion during ejection. 

Pickups.—Shallow undercuts are often used to make the molded 
product hold to the mold force or remain in the mold cavity. These 


P/CKUP — 



Fig. 10.— Pickup marks serve to make molded piece adhere to plunger, thus assisting 
removal from mold cavity. The piece is then pushed off plunger by means of knockout 

pins. 

undercuts (Fig. 1G) are usually 0.005 to 0.010 in. high, and the length 
varies with the amount needed to make the piece hold to the proper 
mold section. Before adding such pickups, the designer must make cer¬ 
tain that these marks will not affect the performance or assembly of the 

product. ,. 

Shrinkage.—The moldmaker can build molds to very close dimen¬ 
sional accuracy. Many variables in the art of molding and in molding 
materials, however, will affect the dimensions of the finished part. 
Shrinkage variables introduce certain known dimensional changes, 
therefore it is desirable to check all dimensions immediately and rejec 
any designs that call for dimensions that cannot be met by conventional 

P,ft Molding materials shrink after they are taken out of the mold, 
Shrinkage will depend on the character of the material and 
mold temperature. When the temperature and pressure are not y 
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controlled, other shrinkage variables will be introduced. Minimum 
shrinkage will occur when the mold is chilled before removal of the 
part. In the cold-mold materials, a large dimensional change takes 
place after molding since their cure or hardening is accomplished out¬ 
side of the mold. Many of the conventional thermosetting and ther¬ 
moplastic materials continue to shrink for many months after molding. 
Figure 17 shows the shrinkage of urea-molded products upon aging. 
Sometimes the ultimate shrinkage may be accelerated by a baking 
operation; in other cases it is necessary to allow for after-shrinkage in 
the fundamental design of the product. 


// 
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// 


Fig. 17. Estimated shrinkage of urea-molded products upon aging. Designers must 
make proper allowance for ultimate shrinkage so that the accuracy and quality of the prod¬ 
uct may be preserved. (American Cyanamid Company , New York.) 


Dimensions that cannot be met with sufficient accuracy by molding 
must be machined. Thermosetting parts that are to be machined 
to close dimensions should be baked before machining in order to achieve 
maximum shrinkage before the machining is done. If they are baked, 
the baking will also bring about dimensional changes that must be 
accounted for in the original design. The mold designer must make 
sure that when the baking shrinkage is fully accomplished sufficient 
material remains for machining to the final close dimension. The baking 
shrinkage can be determined by test on a piece of similar shape, section 
and inserts. If long inserts are used in the piece, they may prevent 
normal shrinkage and reduce the amount of after-bake shrinkage. Mate¬ 
rial suppliers will furnish the data on normal material shrinkage after 

molding These shrinkage variables and after-bake requirements must 
be established before the mold can be designed. 
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Dimensional Tolerances.—In achieving low cost, many factors 
depend on liberal dimensional tolerances. Mold costs, labor rates, 
inspection charges, material costs all go up and production rates go 
down when extremely close tolerances are required. The following 
table of dimensional tolerances, called “standard molding tolerances,” 
may be met easily in general commercial practice. 


Table I. —Standard Molding Tolerances 

* 


Nominal dimension, in. 

Tolerances above and below nominal dimension 

Hot-molded 

Cold-molded 

H 

0.003 

0.009 

H 

0.005 

0.011 

l 

0.008 

0.014 

2 

0.010 

0.016 

3 

0.012 

0.018 

4 

0.015 

0.020 

o 

0.015 

0.023 

6 

0.015 

0.028 

7 

0.020 

0.032 

8 

0.020 

0.036 

9 

0.020 

0.040 

10 

0.025 

1 

0.048 


Faulk II. 


The tolerances in Table I apply only to those dimensions unaffected 
by the opening of the mold, or by loose wedges. The parting line and 
loose wedges introduce other variables (see Table II) which must be 
added to the dimensions given in Table I. The cloth-filled materials 
show greater variation in this respect when compression molded. 

-Standard Molding Tolerances on Dimensions Affected by Loose 

Wedge and Parting-line Variables 

Transfer and 

Compression Molded Injection Molded Cold Molded 

+0.015" +0.005" 

— 0 000" —0.000" 0.015 

Bv using special care and selecting proper materials, it is possible, at 
additional cost, to produce parts that can be held to closer th a Q standar 

dimension. (See Chap. XXII.) These close tolerances are held by the 

use of shrink fixtures, special care in molding, carefully controlled m 
rials and the development of final-mold dimensions by trial table 
III lists special tolerances tha* can be produced when absolutely neces- 
sarv. These tolerances may, of course, increase mold and part cost. 

No mold maker can be expected to build molds that wi 
or compensate variables existing in the molding materials. He must, 
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Table III.— Special 

Nominal Dimensions, In. 

0.500 or less 
0.500 to 2.000 
2.000 or over 


Molding Tolerances 

Tolerances above and below 
Nominal Dimension 
0.002 
0.005 

0.0025 per inch 


however, build accurate molds in order to make sure that his \\ oi k 
does not add other variables to those offered by the material. All 
questions of dimensional stability and allowable variation in dimen¬ 
sion must be answered before the mold is designed. The mold designer 
must not permit unnecessary tolerances or dimensions to appear on 
final drawings. He must be sure that no close tolerances are specified 
which are not absolutely required. Gauges must be requested for all 



Fig. 18.—Pieces that must produce a Hat surface after molding should have a bead 
that can be cut in sanding to eliminate sanding of entire surface. Allover sanding increases 
tendency of piece to warp. 

close tolerances. If questions remain that cannot be answered until 
after the mold is built and sampled, the mold should be designed so 
that questionable dimensions may be developed easily by mold changes 
after sampling. The designer must remember that it is easy to remove 
metal from the mold, but difficult to add it. For this reason, extra 
metal should be left on all critical dimensions to be cut away after sam¬ 
pling has indicated the correct mold dimensions. 

Warpage.—Large flat areas are to be avoided since they cannot 
be held flat and therefore will present a warped appearance. Such sur¬ 
faces should be slightly convex or “crowned.” A crowned surface con¬ 
stitutes a structural effect that reduces warpage and, because of offering 
better material flow, improves appearance. Large area surfaces should 
be crowned a minimum of 0.003 in. per in. The warpage variable with 
the best of materials may run as much as plus or minus 0.0025 in. per 
in. Large flat areas should be reinforced at the edges when possible, 
and it will be found that ribs located on the underside will be helpful in 
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reducing warpage. When an area of substantial size is to be mounted 

on a flat surface, a depressed center section (Fig. 18) should be used to 

avoid allover flatness. When necessary, it is then possible to grind the 

projecting edges on a sand belt to overcome the effects of warpage and 
ensure a good fit. 

Draft.—Draft is provided for the removal of parts from the mold. 
It is possible, when absolutely necessary, to produce some surfaces 
without draft. In most jobs, however, failure to provide adequate 
draft will be found the source of many difficult molding problems. A 
minimum of x ^-deg. taper per side is generally satisfactory, although 1 deg. 
per side is most desirable for production jobs (Fig. 19). Side-wall taper 


— r TAPER 



Fig. 19.—Vertical walls should have 
a taper of 1° per side to facilitate removal 
from mold. Minimum practical draft 
is H°. 



! PROVIDE MAXIMUM I 
r *— OUTSIDE TAPER —H 
1 TO PERMIT EASY I 
REMOVAL FROM CAVITY 

Fig. 20. —As mold closes, materials 
flow up side wall. This requires maxi¬ 
mum cross section at bottom to insure 
full density at A. (Bakelite Corporation , 
New York.) 


of large units must permit flow of material from the bottom of the 
mold up to the parting line when compression molds are used (Fig. 20). 

Wall Thickness.—The wall thickness of all new products must be 
checked to make sure that it is adequate and uniform. Especially 
thin sections may require the use of resin-treated paper or cloth (molded 
laminated). Good molding practice requires uniform section and mini¬ 
mum wall thickness to produce a fast and complete cure. Heavy sec¬ 
tions attached to thin sections are troublesome and produce distortion 
and undercured and overcured parts. Thermoplastic products will often 
show concave depressions or “sinks’ on heavy sections. Sinks aie 
caused by internal shrinkage that takes place as the center hardens, 
thereby pulling in the outer surface. If thermosetting materials are 
specified, transfer or injection molds do the best job, using a combina¬ 
tion of heavy and light sections. All heavy sections should be cored out 
if permissible. Frequently, this is accomplished by locating blind holes 
(Fig. 21) on the underside, the round pins forming these holes being 
easily inserted in the mold. Designers should always core out the under¬ 
side of heavy sections to expedite the cure and save material. 
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A wall thickness of Ke in. may be used on small pieces made from 
thermosetting materials, but %2 in- i s a much safer minimum. ai £ c 
pieces such as business machines use thicknesses from % to ■/% in. 1 ei- 
moplastic materials may be used in very thin sections, and many pieces 
have been produced successfully with a wall only 0.040 in. thick. 

The cloth-filled phenolic materials require considerably thicker 
sections to facilitate material flow. Ribs should be added whenever 
possible to act as feeders. Transfer molds produce better results when 

thin sections and cloth-filled materials are specified. 

Brittle materials., such as the cold-molded and mineral-filled phe- 
nolics, require a heavy wall thickness, and not less than J-g m- should 
be considered. If no previous experience may be consulted in deter¬ 
mining the proper wall thickness, it would be well to ask for recom¬ 
mendations from the raw material supplier. Considerable loss may be 


CORED HOLE 



SECTION A-A 



PICKUP 

RING 


b'lG. 21. 


The pins used to core out this piece also serve as pickups by providing a hold 

for lifting piece out of cavity. 


experienced by the use of overtliin wall sections, and this practice is 
poor economy. 

Fillets.—Radii or fillets must be used in all inside corners to assist 
material flow and strengthen the part (see Figs. 22.4 and 22 B), as frac¬ 
tures start easily from sharp corners. Sharp corners on interior sur¬ 
faces of all plastics pieces should be avoided. Molds that require 
sharp corners are frequently more costly and fragile than those made 
with generous radii in the corners. Mold designers should eliminate 
troublesome features of this kind when redesigning the product unless 
the mold construction or assembly requires sharp corners where the 
sections join. 

Designers frequently specify radii that cannot be machined. These 
may be changed in most cases to radii that are machinable. In those 
few cases where there is no alternative, such radii must be cut in the 
mold by hand—a slow and extremely costly procedure. Figure 23 
at A shows a typical radius as designed by the product engineer, and, at 
B, the same detail as simplified by the tool designer. Designers must 
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always look for and change, when permissible, comers that cannot be 
machined. 

Note that the product called for a vertical projection with a 3^-in 
corner radius. The dotted line at A shows the 34-in. cutter needed to 



Fig. 22.1.— Molded circuit breaker formed from fabric-filled material in a mold designed 
for wood-flour-filled material. Lack of proper fillets and tapered cavities, and insufficient 
pressure, have caused many sections to remain unfilled. 


SHARP CORNERS RETARD FLOW OF FABRIC 
BASE PHENOLIC MATERIAL AT 4000 TO 



GENEROUS TAPER AND PROPER FILLETS 
AID FLOW OF FABRIC BASE PHENOLIC 



Fig 22B. — Above: Molded piece shown in Fig. 22A here shows sharp corners responsible 
for unfilled sections. Below: Redesign of same piece. Generous taper and proper fillets 
assure even flow of compound to all sections. (Bakdite Corporation , New York.) 


cut the M-in. radius in the mold. It can be seen that the cutter indi¬ 
cated will extend beyond the iKV in - wal1 limit and cut away ste f th&t 
should remain in the mold. The tool designer secured permission to 

change the design to a % 2 ~ m - radius, as shown at B, which can be cu 
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with a %6-m. cutter. If this change had not been made, the toolmaker 

would have been forced to chisel out the %-\n. radius by han . 

Sharp Outside Comers —Sharp corners are required at the partn g 

lines, but are usually undesirable at all other points. All outside corners 



(A) 


(B) 


Fig 23—Typical redesign to simplify machining operations. Dotted line, in (A), 
shows area cut by H-in. cutter or end mill. Note that this radius extends beyond the 
desired area and thus will necessitate hand chiseling. Revised design, shown at (B), 
permits radius to be machined easily with a cutter. Radii should be uniform on 

corners wherever practical. 


FRAGILE 

FEATHER 

EDGE 


PAR TING 
LINE 



MOLD PLUNGER 



MOLDING 



U-— 0.0/5 

1 MINIMUM 
(jz PREFERRED 


(A) (B) 

Fig. 24.—Construction shown at (A) has produced a featheredge that is very undesir¬ 
able from standpoint of maintenance. Stepped corner at ( B) is preferable because its 
maintenance is negligible. 


should be radiused as much as possible to help material flow, reduce 
mold cost, and avoid the sharp molded corners that chip and break 
easily during finishing operations. 

Where beveled or rounded edges 
are required, a flat area must be 
provided at the edge to eliminate 
featheredge mold sections, which 
are easily broken (Fig. 24). 

Mold designers must correct 
all corners and edges that would 
produce a knif e- or featheredge in 
the mold. 

Ribs and Bosses. —Ribs and bosses are frequently used on molded 
products and they should be designed properly to get the best results. 
Parts that are not properly designed are weak at the base where they 




(A) 

Fig. 25. —Sharp corners must not be used 
on small ribs and bosses. At (A), flow of 
material tends to follow dotted line, leaving a 
weak structure. Correct design is shown at 
(B), with material flow greatly assisted. 
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join the body of the material (Fig. 25). When the height is too great in 
proportion to the width, the pieces do not fill out well, and this lack of 
density greatly reduces their strength. Table IV shows the proportions 
for ribs that have been found to be generally satisfactory. Table V 
shows the correct proportions for bosses. 


If many ribs are to be inserted, they should be staggered to reduce 
the distortion caused by unequal shrinkage (Fig. 26). Ribs should not 


be located in the center of large areas unless so required by the design. 




Fig. 26.—Design at (yl) is not as good as that at ( B ). Staggered rib construction mini¬ 
mizes distortion caused by shrinkage. 



Fig. 27.— Ribs on which lugs are to be mounted should be located in corners, as at (4). 
When ribs are located below plane surfaces as in (B), flow lines formed by uneven cross 
section will be unsightly, as indicated at x. When this construction is unavoidable, the 
exterior surface should be broken up by a reed or flute design to conceal flow lines. 

When central ribs must be inserted, reeds or flutes should be added to 
the outer surface of the piece to conceal resulting flow lines, as shown 

in Fig. 27. 


Tahi.i. IV. —Recommended Proportions for Ribs 
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Table V.—Recommended Proportions for Bosses 



The mold designer must make sure that the design of the part will 
provide adequate tool strength. Products that are to contain ribs or 
bosses are frequently designed with holes located too near these sections. 
Figure 28 presents a typical example of this and indicates the correc¬ 
tion. The distance A had to be increased from the original layout. 
In this case, the projections that form the holes could be machined 
as a solid part of the mold cavity, but this is undesirable because of 
the danger of breaking such projections, thus making it necessary to 
rebuild the mold cavity. The correct 
method is illustrated in Fig. 28, in which 
the design is seen to make use of mold 
pins. The holes for the pins must not 
be too close to the depression for the rib, 
because this will produce a thin mold 
section that may crack in hardening or 

in service. For best tool design, the 
minimum dimension A will be deter- , Fig - 28. Adequate mold steel 

. between holes and ribs is necessary 

mined by the diameter of the pm and the to good design. The minimum 

height of the rib. If the rib is very high, dimension A will be determined by 

diameter of pin and height of molded 

the distance A should be at least one rib. A workable rule is to make the 
half the diameter of the pin. A good dimension A from 3d to 3d the 

, . . ,, . diameter of molded hole. 

general rule to follow is to make the 

dimension A one third to one half the diameter of the molded hole. 

Holes. —Flow of compound around mold pins causes considerable 
wear and some distortion. Mold pins should be built to the maximum 
diameter and replaced when they wear down to the minimum. Pins 
are frequently broken when flow conditions are particularly bad. Pin 
breakage is more prevalent in compression molding than in the trans¬ 
fer and injection process. Table VI shows the proportions of molded 
holes for most satisfactory and trouble-free production. It is desirable 



ire 
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- D"+ 0.030“ 


kD 


to stay within these limits for molds that must stand up under heavy 
production schedules. Since there is no means of predicting the flow 

conditions that may exist in a new mold, holes 
that come outside these limits must be tried and 
the pins shortened to the maximum length that 
may be expected to stand up. It is common prac¬ 
tice to mold deep holes to their maximum molding 
depth, as shown in Table VI, and drill them to the 
full depth after molding. 

Note that through holes may be molded to 
twee the depth of blind holes. The through hole 
pins may butt in the center or be supported at each 
end by entering the matching section of the mold. 

Mold builders frequently use two pins which 
butt in the center to produce deep holes. It is 
desirable to make one pin 0.030 in. larger than the other to compensate 
for mold wear, misalignment, and deflection of the pins (Fig. 29). 

When holes are to be drilled after molding, they should generally 


] 


Fig. 29. — When 
butt pins are used for 
deep holes, one pin 
should be 0.030 in. 
larger than the other 
to compensate for mis¬ 
alignment. 


Table VI.— 



Dimensions and Wall 


Thicknesses 
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be spotted by the mold. This will facilitate drilling without the use of 
drill jigs. A tapered section, as shown in Fig. 30, will minimize c ip- 
ping when the drill comes through. 

Use of flathead screws requiring countersunk holes should be avoided 

whenever possible if brittle plastics materials are specified. When these 

materials are used, the angle must be 1 ight 

or the wedging action that takes place 
when the screw is tightened may break the 
piece. When countersunk holes are re¬ 
quired, and the screw head must seat below 




Fig. 30.—Section designed 
with taper to minimize chipping 
in drilling operations. 


Fig. 31.—Minimum clear¬ 
ance of >64 in. for countersunk 
holes will compensate for 
variation in screws. 



BOSS 


the surface, ^4 in. minimum clearance, as shown in Fig. 31, should be 

provided to compensate for variation in the screws. 

Mold designers are often requested to provide a clearance hole for 
a given screw size. Table VII shows the proper size of clearance holes 
for counterbores, screws, and nuts. 

Bosses should be added around 
screw holes if the product is to be 
mounted on an uneven surface 
(Fig. 32). Three holes or mount¬ 
ing points are best, as three points 
will always make contact on an 
uneven surface. If more than 
three mounting points are required, 
the bosses may be cut by sanding 
on a flat surface to ensure a fit 
without distortion of the piece. 

Blind holes are frequently 
molded in plastics materials and 
are tapped after molding. Experi¬ 
ence has shown that complaints 
often result from insufficient depth, 
which condition fails to provide adequate space for chips that accumu¬ 
late in tapping. Since the depth of hole required is usually beyond the 
limits of economical production, holes are generally molded to the maxi¬ 
mum molding depth and drilled to full depth before tapping. Table VIII 


Fig. 32. —Parts which are to be attached 
to or mounted on a base or other unit should 
use three mounting holes, for by this means 
it is alw T ays possible to obtain three-point 
contact on an irregular surface. Bosses 
placed around mounting holes serve to 
reduce breakage caused by distortion. 
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shows the preferred practice for trouble-free production. Holes that are 
to be tapped should be provided with a molded countersink to minimize 
edge chipping during the tapping operation. 


Table VII.—Recommended Clearance Holes 


Screw 

Hole 

Counterbores, 

in. 

Size, in. 

Diam., 

in. 

Std. diam., in. 

• 

Min. diam., 
in. 

Standard 

Socket 
wrench 
hex head 

Socket 
wrench 
hex nut 

No. 4 

0.112 

+ 0.000 
0.128 - 0.003 

+ 0.003 
0.115 - 0.000 




No. 0 

0.138 

+ 0.000 
0.157 - 0.007 

+ 0.003 
0.141 - 0.000 

13 /3 2 



No. 8 

0.164 

+ 0.000 
0.182 - 0.007 

+ 0.003 
0.167 - 0.000 

H 6 

— 

% 

No. 10 

0.100 

+ 0 000 
0.209 - 0.007 

+ 0.003 
0.193 - 0.000 

X 


1 H 6 

No. 12 

0.210 

+ 0 000 
0.234 - 0.007 

+ 0.003 
0.219 - 0.000 

5-16 

— 


y. 

‘I 

>4 ; 

+ 0.000 
0.20") -0.007 

+ 0.004 
0 253 - 0.000 

51 

X 

1 5f 6 

5.6 

5 1 6 


+ 0.004 
0.317 + 0.000 

X 

15 /l6 

IHe 

H 

3 8 

1 5a 2 

+ 0.004 
3.380 - 0 000 

1 Hz 

1 He 

1%6 

1 2 

■ h 

4* 

1 H 2 

+ 0.004 
0.506 - 0.000 

1K6 

IK 

1% 


Many products now use molded holes for self-tapping screws. It is 
frequently desirable to drill these molded holes for additional depth. 
Table IX shows the correct, molded hole size, drilled hole size, driving 
torque, and holding power of such screws. It will be well to check the 

hole sizes on products that are to use self-tapping screws. 

Holes made to receive rectangular shafts should be designed o 

allow for mold-pin wear. Figure 33, at A, shows a common type ot 
molded hole which provides for wear caused by the sharp corners o 
square mold pins. If strict accuracy of fit is required, the hole shoul 
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Table VIII.— Prefeered Depth of Holes for Threaded Parts 




Min. molding 

Min. depth 


Min. molding 

Min. depth 

Size tap* 

or drilling 

of full threads 

ulZG tftp 

or drilling 

of full threads 

No. 

depth A 

B 

JNO. 

depth A 

B 

10 

% 

K 

V2 

1‘He 

% 

12 

2 Hz2 


He 

UHe 

2 %2 

K 

2 Hz2 

He 

% 

1% 

% 

He 

1/-132 

x y% 2 


2% 2 

l, Hc, 

% 

IK 

lh /z 2 

Vs 

2 He 

1 % 2 

He 

1% 

He 

> 

1 

2% 

IK 


* American Standard coarse and fine threads. 

Courtesy of General Electric Company, Schenectady, N. Y. 


be designed as shown at B. This will permit broaching to close dimen¬ 
sions after molding. 

Rectangular holes should, when possible, have rounded ends for 
increased life and to prevent cracks from starting at the sharp cor- 




Fig. 33.—A inolded-hole design for close fit to square pins is shown at (A). Enlarged 
corners permit insertion of square shaft even though corners of mold pins wear considerably. 
(B) illustrates manner in which projections are cut to the close dimension required in 
broaching operations. 


ners. In making rectangular mold pins, round rod is used because of 
the ease of mounting the fixed end in a drilled hole. Rectangular holes 
should be designed so that the short side is formed by the outside diam¬ 
eter of the pin, as shown in Fig. 34 at A. This is better than the pin 
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Table 


IX.— Data for Multifltjted Machine Screw Thread 

tapping Screw's in Molded Compounds* 


) 

jf' 

Type of Self- 


(Hole Sizes, Driving Torques, and Holding Power of Hole 

Sizes) 

H —Diameter of molded hole, in. 

S —Drilled hole size, in. 

I )—Recommended driving torque, in. lb. (taken as 60% 
of average stripping torque) 

U —Recommended holding power, lb. direct pull (taken 
as 25% average ultimate strength) 
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construction shown at B, since the latter requires a milled pin shape, 
while, in A, the pin is formed by cutting the two flat sides and filing the 
sharp corners that remain. If many pins are required, this small design 

change will effect a considerable saving in mold cost. 

Very t.hin mold pins for making rectangular slots should be strength¬ 
ened by an increased section, as shown in Fig. 35. Since such holes aie 
usually intended to serve as a guide for metal 
strips, designers will usually grant this change. 

Holes that must enter the molded piece at 
right angles to the direction of mold closing 
(cross or side holes) introduce many problems. 

Injection molds can be built that will core these 
side holes and pull out the mold pins by a cam 
action before ejecting the part. Some automat¬ 
ically operated side-core pins are used in trans¬ 
fer and compression molding, but manual or 
hydraulic operation of such side pins has been found to be more satis¬ 
factory. It is usually possible to follow the depth to diameter ratios 
given in Table VI for molded side holes. Again, flow conditions are 
unpredictable, and it may be necessary to determine the maximum 
moldable side-hole depth by trial. 

In compression molding, oblique or side holes create a real prob¬ 
lem. It is often much less costly to drill such side holes after molding, 


(A) (B) 

Fig. 35.—(A) Long, narrow slots require thin mold pins, which are fragile. Addition of 
material at x will strengthen the pin forming the slot and still permit use of slot in most 
applications. Note that in each case the hole outlines the shape of mold pin to be used. 
(B) When extremely narrow slots are required, it is better to use a large opening with pro¬ 
jections to form slot edges. The dotted line shows a metal stamping that is to pass through 
slot in plastics molding. Because strip is too thin to permit a molded slot to be used, the 
hole will be made ample in size and will contain internal projections for support. 

and this practice is followed for all small holes. When long side holes 
are specified, additional support must be given to the mold pin. Pins 
supported in the mold at both ends are molded satisfactorily when 
their length does not exceed two and one half times their diameter. If 
longer holes are necessary, transfer or injection molding may be used with 
success. Large side or cross holes may be molded in the part by the use 
of the set back construction shown in Fig. 36. Half of this hole is pro- 





(A) (B) 


Fig. 34. —The simplest 
and least costly design for 
rectangular pins is shown 
at (A). The design at ( B) 
calls for a inilled-pin shape 
that will add considerable 
expense if many pins are 
required. 



270 


FUNDAMENTALS OF PLASTICS 


duced by the mold cavity and half by the mold force. This is a con¬ 
venient production method that can be used to great advantage when 
design changes or restyling are permissible. 



F, g . 36.—Side hole molded without side pins. Half of hole is produced by mold plunger 

and half by mold cavity. (Autopoint Co., Chicago.) 


When plastics materials are forced to flow around a pin in a con¬ 
stricted area, they may not knit well on the far side of the hole (Fig. 37). 
The molded pieces may look all right when first molded, but cracks 
may develop in these knit lines. Products of this type must have the 




• ^ 

A • 

» i 

] T 

i: 


\ i ' \ V*- » 


CRACKS 



HEAVY 

FLASH 


37 —Hudio cabinet molded with side cores to produce opening A andL holesi below. 
.•..IS " moS.d upside down, nnd il.e ,n.«,i,l «.«“pin 

This often causes cracking to occur during aging, because S flow over pin L 

To avoid this, a heavy flash should be used m openings so compound will now ov 

well its around it. 

openings uniformly spaced and as far apart as possible to permit ade- 
,piate material flow. It may be necessary to leave a heavy flash m. g 

holes to remove the knit line and minimize subsequent aftercrack:i g. 
Many of the thermoplastic and laminated phenolic materials wi 
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withstand punching operations. Designers frequently take advantage 
of this and lay out the side holes for punching after molding, as shown 
in Fig. 38. Louvres and similar side openings are produced by mold 
construction such as that shown in Figs. 38 and 39. 



Fig. 38. —Thermostat housing molded from cellulose acetate butyrate. The end slots 
were punched after molding to simplify mold construction and eliminate necessity for 
“side pull” in mold. 


Molded Threads.—Internal and external threads may be molded 
on plastics products. The molded piece must be unscrewed from the 
mold member, or vice versa. It is frequently less costly to mold in 
place an insert having the required thread, or to tap a molded hole. 
Very shallow threads (Fig. 40) may be molded and stripped from the 
die without unscrewing. Such threads are frequently used on cosmetic 



(A) (8) (C) 

Fig. 39. —Simple louvres are produced as shown at (A). The angle should be less than 
10°. The louvres shown at ( B ) are satisfactory since narrow openings prevent flash lino 
from showing. In design (C), flash lines are hidden from external view. (Chicago Molded 
Products Co., Chicago.) 


packages. The Glass Container Association of America has adopted a 
special round profile thread for closures (Fig. 41). This design is rugged 
and compensates for dimensional variables in the molded glass threads. 
The conventional V-type thread is generally used for mechanical assem¬ 
blies. Thirty-two threads per inch is the maximum for production 
jobs. Close-fitting threaded parts are to be avoided on products molded 
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from materials that are poor in dimensional stability. A Class 2 fit is 
the best that can be expected in routine production with the better mate¬ 
rials. Threads should be gauged according to specifications given in the 
National Bureau of Standards Handbook H- 28. Mold designers must also 
make sure that the design provides a grip or slot by means of which the 
part may be unscrewed from the mold section (Fig. 42). Flats or straight 



Fig. 40. —Very shallow threads may be 
stripped from mold without unscrewing. 
The pieces shown were molded from urea- 
formaldehyde compound. 



Fig. 41.—Round profile thread used on 
closures for fitting molded glass threads. 



Fig. 42. —Preferred types of grips or holds for unscrewing a round part from a mold. 
The shape shown at (A) can be machined easily, as the diameter may be turned and the 
flats milled on the sides of hole. The holes shown in (B) provide slots for unscrewing with 
a spanner wrench. Irregular shapes, such as that shown at (C), are to be avoided, as they 

increase construction cost. 



Fig. 43.—Typical 


unscrewing grips 


used to remove pieces from mold sections. 


knurls are often added to round surfaces for this purpose, as may be seen 
in Fig. 43. For products requiring a flat surface, holes may e inser e 

to permit unscrewing with a spanner wrench. ,, . 

Long threads are undesirable for products that are to be molded 

from material of high shrinkage. A result of shrmkJ .of mA 

material is that the thread will have less tjran ^dard pitch an ^ 

therefore will not. fit. o long piece on which the thread is sta 
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long threads should be eliminated in favor of tapped holes, cut threads, 
or inserts. 

External and internal threads are often produced in the mold by 
means of a thread ring mold section which comes out of the mold with 
the piece (Fig. 44). The ring is then unscrewed from the part and 
replaced in the mold. Frequently, two sets of rings are used so that the 

mold may be reloaded immedi¬ 
ately. A slight delay in un¬ 
screwing an external thread is 
advantageous since the material 
shrinkage frees the part from the 
mold. Many external threads are 
unscrewed from the mold section 
while it is in the press. 

Threads are often cut in each 
half of the mold when they are 
perpendicular to the parting line. 

The thread may be cleaned of flash 
and some eccentricity corrected by running the pieces through a siz¬ 
ing die. For many jobs this type of thread is not altogether satisfac¬ 
tory because the mold wear will increase the thickness of the parting 
line and the thread diameter become eccentric. 

Molded threads must not run out to a sharp edge because the result¬ 
ing featheredge thread end would be weak and the sharp, thin steel 


DIMENSIONS "X" AND "V" TO BE AS REQUIRED 

(A) (B). 

Fig. 45.-—Method of starting and ending threads on a mold section to produce a right- 
hand thread. (A) is molded external thread; (B), molded internal thread. (General 
Electric Company, Pittsfield, Mass.) 

mold section at this point would be fragile and impossible to maintain. 
Molded threads must be started and ended as shown in Fig. 45. When 
the molded external thread must enter a tapped piece and meet at a 
shoulder, as shown in Fig. 46, a depression is provided at the end of the 
molded thread to permit a proper thread ending. This construction 
will provide a strong mold section. 





Fig. 44.—The mold section shown at the 
left forms thread in molded piece. Piece is 
unscrewed from section to remove it from 
mold. 
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Internal threads are often produced by loose mold pins which come 
out of the mold with the part and are then unscrewed. Round pieces 
that have no locking projections may be unscrewed directly from a center 
mold pin. Internal threaded parts must be unscrewed immediately 
after molding, otherwise 'shrinkage will tighten the part on the mold 
section, making release difficult. Mold designs involving internal 



Fig. 46.—When a molded external thread 
must enter a tapped or cut inside thread and 
engage at shoulder, a depression is provided 
at base of thread to permit a proper thread 
ending, thus eliminating the featheredge that 
would result ii thread were permitted to run 
out at shoulder. 


threads must permit quick re¬ 
moval of the piece, and the num- 

\ 

ber of cavities must be kept small. 
Multiple-cavity molds are oper¬ 
ated effectively with unscrewing 
fixtures designed to unscrew all 
pins at once while the pieces are 
still held by one mold member. 

Inserts or tapped holes should 
always be used for internal threads 
below }4 in. diameter. 


Inserts.—Many types of inserts are used in plastics products for a 


diversity of purposes. Inserts are used to provide internal and external 
threaded sections, terminal studs, wire fasteners, shafts for rotating 


parts, contacts, rivets for fastening metal stampings, bearings, glass 
panels, name plates, internal connections, laminations for magnetic 
circuits, reinforcement, and decorative and functional parts. In some 
cases plastics materials are molded in the openings of larger metal pieces, 


as shown in Fig. 47. Silver, brass, 
steel, aluminum, copper, the laminated 
phenolics, fiber, glass, mycalex, and 
many ot her materials are used. Well- 
designed inserts must be easy to load. 
Thev must not crush or distort during 
molding, and they must come free 
readily when the part is removed from 
the mold. Tolerances must be close 
for tight fit in mold members and 
shoulders provided to stop flash from 



Fig. 47.—The capacitor cover shown 
above was produced by molding central- 
plastics section with contact inserts in 
opening provided in stamped metal 

cover. 


flowing into threads and holes. In- 

Berts must have sharp corners at the shoulders, or compound will flow 
in under the insert and raise it up out of position. Inserts must be sur¬ 
rounded by sufficient compound to prevent cracking since the stress on 
t he insert is transmitted to the surrounding compound. Figure 48 shows 


a variety of inserts. 

The use of inserts 
possible since this pr 


in injection molding should be avoided if at all 
events automatic operation and introduces an 
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Fig. 48.—A wide variety 
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>nal rod stock is used with 
Lserts made from hexagonal s 
iat enters the mold, as it is cc 
exagonal inserts should not bi 
ay set up stresses that will ca 
Dts, and angles for anchorag* 


ed phenolic materials. Hexa 
■ooves for vertical anchorage 
be turned round at any poin 
duce holes of angular contour 
)sses because the sharp corner; 
g. Stamped inserts use holes 
asting is done to roughen th< 
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surfaces of all inserts requiring considerable adhesion to the compound. 
Several types of inserts used in a single piece are shown in Fig. 49. 

Inserts that are flush with the surface often present a difficult cleaning 
problem as the flash must be scraped away with a knife. Less expensive 
cleaning may be secured by raising the inserts above surrounding sur¬ 
faces so they can be cleaned on a sand belt. Large-area inserts are fre- 



Fi«i. 40.— Molded switch base that incorporates five inserts of three different types. 

(General Electric Company , Pittsfield , Mass.) 

quently used as contact areas and are enclosed by barriers, which neces¬ 
sitate individual cleaning by scraping with, a knife. Good design mil 
allow for the masking of surrounding areas so the inserts may be cleaned 
by grit blasting. Plated inserts must not be cleaned by sanding as this 

mil remove the plating. 



for canvas-filled phenolic compound 

d = OO/O FOR OTHER MATERIALS 

SHOULDER 



(A) (8) (C) 

K IO 50 —(.-1) Projecting stud-type inserts should use a shoulder to keep compound from 
flowing into threaded portion. Female inserts. (B) and CO. fre q uently make us e of 

shoulder that enters mold pin. thus preventing compound from flowing into thread. Ihe 
design at (B) is used when insert must be flush with surface. 

Flash will flow along inserts and produce a difficult cleaning job 
unless proper consideration is given to mold and inserts. A shoulder 
or sealing ring (Fig. 50) is extensively used on inserts to prevent com¬ 
pound from flowing into the thread. Figure 51, sketches A to F \ sh 

several methods used to prevent material from filling the thread. q 
rings, as shown in Fig. 51 at E and in Fig. 52, are often used on straight 
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(E) 


Fig. 51.—(.4) Compound flows easily over end of insert into threaded portion, and 
inserts must be retapped after molding. ( B) Insert shoulder enters mold pin and prevents 
compound from flowing into insert. This construction is the best. In methods (O) and 
( D ), compound hardens quickly at thin section x and stops flow of compound over end of 
insert and into thread. ( E ) Sqeeze ring at s crushes when rod type insert is driven in mold 
insert pin and seals compound from exterior surface of insert. ( F) An internal counterbore 
in the insert will prevent compound from entering thread. The mold pin is designed to 
fit the counterbore and the inside diameter of the threaded section. 


sections of inserts as this ring will crush and provide a tight seal when 
driven into the hole provided for the insert. The squeeze ring should be 
about 0.015 in. wide and 0.003 to 0.005 in. thick. Female inserts should 
have a closed end to prevent compound from flowing into the threads. 
The diameter of inserts at the point that 
fits the mold and seals off the compound 
must be held to plus or minus 0.0015 in. 
to be effective. Designers must remember 
to deduct the thickness of the plating when 
making up specifications on inserts that are 
to be plated and must maintain close 
tolerances. 

Table X shows a standard general-pur¬ 
pose female insert design developed after 
a considerable study of screw-machine 
and molding problems. No sealing ring is 
provided on this insert as it is designed 
for flush molding. It is generally necessary to retap small inserts after 
molding because the molding pressure crushes the thread slightly. 
Retapping will also remove any flash that may have run into the thread. 

The rivet type of insert (Fig. 53) is often used for permanently 



Fig. 52. —The fine line seen 
near center of insert is a squeeze 
ring. Ring will crush and form 
a tight seal when insert is driven 
in mold pin. Thus, flash is pre¬ 
vented from flowing past ring and 
into thread. These rings also 
serve to hold insert in mold mem¬ 
ber when loaded in upper half of 
mold. 
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Table X. 


Standard Insert Design for Thermosetting and Thermoplastic 

Materials * 


.040 


MIN. 

WALL 



MATERIAL'BRASS 


Part 

No. 

1 

I 

| 

Tap .size l 

I 

Tap drill size 

Raw 
stock 
size, in. 

Diam. 

after 

knurl, 

in. 

.4, in. 

B , in. 

C y max. 
in. 

1 | 

4-40 

0.089 (No. 43) 

3 , r 
/ 1 6 

0.199 

H 2 

0.201 

He 

2 

4-40 

0.089 (No. 43) 

q ' 

716 

0.199 

3 16 

0.240 

He 

3 

(>-32 

0.110 (No. 35) 

He 

0.199 

He 

0.240 

Ye 4 

4 

6-32 

0.110 (No. 35) 

H r. 

0.199 

H 

0.303 

5 /64 

5 

6-32 

0.110 (No. 35) 

Me 

0.199 

He 

0.365 

Ye 4 

6 

8-32 

0.136 (No. 29) 

H 

0.262 

H 

0.303 

H 

7 

8-32 

0 .136 (No. 29) 

H 

0.262 

H e 

0.365 

H 

8 

8-32 

0.130 (No. 29) 

H 

0.262 

3 8 

0.428 

H 

9 

10 32 

j 0.161 (No. 20) 

•* p 

o . 

/ 16 

0.324 

H 

0.303 

H 

10 

10-32 

0.161 (No. 20) 

5; 

1 0 

0.324 

Hie 

0.365 

Ve 

11 

10-32 

0.161 (No. 20) 

h /\6 

0.324 

% 

0.428 

H 

12 

Vi-20 

0.205 (No. 5) 

% 

0.387 

% 

0.428 

%4 

13 

Vi-20 

0.205 (No. 5) 

3 s 

0.387 

y 2 

0.553 

%4 

y% y 

14 

* 10-18 

0.261 (G) 


0.512 

H 

0.428 

Ye 4 


• f!ourtc*y of C»«*n«ral Electric Company, Pittsfield, Mass. 

fastening metal pieces. It is extensively used in electrical equipment 
for the permanent attachment of a contact strip, leaving the threaded 
section free to hold a screw for the attachment of connecting wires. 
Commercial rivets, machine screws, nuts, nails, etc.., are generally 
unsatisfactory as inserts, and their use should be avoided on all pro¬ 
duction jobs. ■ „ 

Delicate inserts or side-hole inserts may crush or be distorted during 

molding. Such insert, should be provided with a straight knurl and 
be pressed quickly into the molded hole. Compounds that offer con 
siderable shrinkage will grip such inserts tightly when full shrinkage 














PLASTICS PRODUCT DESIGN 


279 


has taken place. Side-hole inserts may require vertical support, as 
shown in Fig. 54. This exposes part of the insert, and proper insula¬ 
tion must be provided if inserts are to be used in electrical circuits. 

Very large inserts may set up strains in the plastics material because 
of difference in the rate of shrinkage of the two 
materials forming the mold. Large inserts should 
be avoided if possible, and they must be pro¬ 
tected when they are used. A latex coating or 
a performed “pill” of cloth-filled phenolic may 
be used to reduce the breakage that commonly 
occurs around large inserts. An annealing bake 
of 12 hrs. at 235°F. may prevent breakage after 
molding. The designer must consider the possi¬ 
bility of such breakage and make sure that the 
wall thickness of molding material around the 
insert is adequate. A simple and safe general 
rule for gauging the proper thickness of com¬ 
pound around inserts is to use a minimum of 
one half the diameter of the insert. In some 
thermoplastic materials, the inserts may be 
placed very close to the edge of the piece if the insert area is not 
too great. Large area inserts that are to have a thin layer of compound 
deposited on them should be grit blasted to improve the adhesion to 
the insert. Some molded products call for inserts that must be gastight. 



Fig. 53. —Rivet-type 
inserts are used for fasten¬ 
ing contact strips and other 
assembly parts to molded 
inserts. The shoulder 8 is 
spun down on strip. This 
leaves tapped insert avail¬ 
able for attachment of 
wires. 



EXPOSED 
OF INSERT 


side hot£ 

INSERT ' 



OVERHANGING 
BRASS 


Fig. 54. — Left: A side-hole insert may require vertical support, which exposes one face of 

insert. Right: Typical mold construction for support of side inserts. 


Such products are dropped in water when removed from the mold so 
the insert wall shrink quickly and permit the compound to shrink down 
to it. In this way, no gap results from shrinkage of the insert after the 
compound has stopped shrinking. 
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Connecting wires are frequently molded imbedded in the com¬ 
pound. Transfer or injection molding should be used for these jobs. 
A piece of resin-impregnated board may be loaded in the bottom of 
the mold so that the wires cannot be forced to the surface by the mold¬ 
ing pressure. Strips of molding board may 
also be loaded between close inserts to prevent 
the wires being pushed into contact by the 
flowing compound. The use of transfer and 
injection molding has greatly extended the 
possibilities for molding-in complex and deli¬ 
cate inserts, and this system should be con¬ 
sidered for all inserts that are not well 
supported. 

Inserts that pass completely through the 
part and that must be flush on either or both 
sides are to be avoided, since they may crush 
during molding. 

Some reinforcing or fastening inserts may 
be added after molding and fastened in 
place during assembly, as shown in Fig. 55. 

Designers should be alert to introduce such cost-reducing methods. 
“Speed nuts” and “speed clips” are used extensively with plastics 

products. 



Fig. 55. —The cost of parts 
such as that shown above was 
reduced* considerably by as¬ 
sembling inserts after mold¬ 
ing. Valve-handle insert is 
laid in molded recess and held 
in place when assembly is 
fastened on stem. 




CONTACTS PRESSED IN 
ROUND MOLDED HOLE o 


CONTACTS PRESSED IN 
WEDGE-SHAPED HOLE __ 
TO AVOID-USE OF THIN 
MOLD PIN 


DOTTED LINE 
SHOWS CONTACT 

CUP 




shaped hole. (General Electric Company, Pittsfield, Mass.) 


stamped inserts (Fig. 56) are pressed in after mold)^ ^ 

.serts use a saw-tooth edge that grips the P last '“ th are 

ressed in place. Since such stampings are relatively th , 
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driven in molded or drilled holes. A partial slot may be used so that 
the mold will have adequate strength, as shown at B. Thin mold blades 

for narrow slots will not stand up in production. 

Lettering on Molded Products—Molded letters, figures, and decora¬ 
tive designs are often used on molded parts. Lettering must be applied 
perpendicular to the parting line or be put on side walls that provide 
sufficient draft for the letters to “draw” out of the mold. These letters 
may be raised or depressed, or they may face up from a depressed panel, 
as in Fig. 57. If the mold cavities are to be hobbed, the letters should 
be depressed. When cavities are to be machined, raised letters may be 
had at lowest cost. Depressed parts require raised mold letters, which 
are easily broken or damaged and may be costly to maintain. These 

depressed letters are produced by .. „ „ . . 

forming raised letters in the mold. 

After the letters are formed, the sur¬ 
rounding steel is cut away. Raised 
letters are produced by stamping or 
engraving the letters on the mold 
surface. When mold cavities are 
hobbed, the letters are stamped or 
engraved in the hob. The hob forms 
raised letters in the mold cavity, and 
in this way, the molded part becomes 
a replica of the hob and contains 
depressed letters. 

Designers usually call for depressed letters when paint is to be 
applied for better visibility. It is often possible to form depressed 
letters in machined cavities without cutting away the entire mold sur¬ 
face. This is accomplished by using a lettered insert panel, which is 
set in the mold at the desired point. It is desirable to elevate the panel 
from surrounding surfaces when possible. Frequently, paint is wiped 
into the fin line during the painting operation, but by using a raised 
panel the paint is kept away from the fin lines. Lettering that may 
require change should be placed on removable plugs in the original 
mold construction to facilitate removal. 

Small raised letters are generally 0.008 to 0.015 in. high. Larger 
letters may be to in. high. In all cases it is desirable to use con¬ 
siderable draft on the sides of letters and to have a good fillet where 
they join the molded piece. Failure to observe this practice will pro¬ 
duce letters that will be fragile and consequently liable to break off 
in the mold. Letters that are to be painted should have no greater 
width than 3^2 in. Wide indented lines and painting of depressed let¬ 
ters are to be avoided whenever possible as paint will wipe out when 


Fig. 57. —Showing how raised letter¬ 
ing may be used in a depressed panel. 
This construction is used when letters 
are to be indented or when lettering is 
put on a separate block of steel to be 
inserted in mold. Inserted mold sec¬ 
tions may show a bad fin line if surfaces 
are flush. 
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the excess is removed from the surface. Wide letters are frequently 
simulated by forming them with a series of parallel lines. 

It is often necessary to add letters to hardened molds. This can be 
done by etching the surface with acid, although this work is crude in 
appearance. Some moldmakers make use of a photoetching process. 
This process produces nice work and is useful when special type is to be 
used or when a considerable amount of lettering is required. Such 
letters are not deep, but they are readily visible when finished with a 
highly polished mold background. Highly polished or dull backgrounds 


Fig. 58. 



— Radio panels molded from clear methyl methacrylate are painted on underside to 
produce a third-dimension effect. (Rohm & Haas Co., Inc., Philadelphia.) 


are commonly used to make molded letters stand out clearly without 

being painted. . . 

The transparent thermoplastic materials offer unusual decorative 

possibilities. Lettering may be cut in on the underside of such products. 

Contrasting colors are used for the background and lettering to produce 

an attractive “third-dimension” effect, as shown by Fig. 58. 

Several types of metal inlays are available if distinctive lettering is 

desired. When such lettering is specified, the mold designer should ge 
in touch with the vendor to get the details necessary for correct mold 
design. Rubber stamps are sometimes used for brandmg serial num¬ 
bers or other special designation on molded products. Special ink 
that provide good adhesion are available for this work. The marking 
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may be made more permanent if the details are given so the mold maker 

can provide a grit-blasted mold surface for the marking area. 

Mold designers must consider carefully all designs that sped y 
lettering. A considerable expenditure may be wasted in excess mold 
cleaning or painting cost. Oftentimes the quality of the lettering 
makes the difference between an attractive or a poorly finished product. 

Surface Finishes— The best finish for any mold is a highly pol¬ 
ished surface protected by chromium plating. A highly polished mold 
surface minimizes sticking, improves flow condition in the mold, and 
produces nicely finished pieces. Many special surface textures are 
demanded for decorative effect. The effectiveness of the finish depends 
on the ingenuity of the mold-maker. Dull or “sandblasted” finishes, 
as shown in Fig. 59, are often specified for the purpose of minimizing 


light reflection. These finishes are produced by 
grit blasting or acid etching. Surfaces treated in 
this manner will “polish up” in time, however, and 
because of this, better results may be obtained by 
grit blasting the chrome plate after the mold is 
finished. Other surface finishes commonly applied 

are 

1. Straight fine line 

2. Knurl, fine diamond cut 

3. Knurl, medium diamond cut 

4. Knurl, fine square cut 

5. Knurl, medium square cut 

6. Stipple, fine 

7. Stipple, medium 

8. Stipple, coarse 

9. Leather, fine grain 

10. Leather, medium grain (see Fig. 60) 



Fig. 59.—Control 
panel that makes ef- 


11. Leather, coarse grain 

12. Over-all geometric patterns 


fective use of dull 
background provid¬ 
ed by mold finish. 


All special surface finishes should be limited to flat areas, or to sides 
that provide considerable draft. 

Machining Molded Plastics.—All the thermoplastics materials except 
polystyrene machine easily by conventional methods. Polystyrene tends 
to craze in some forms when machined, therefore mold designers who 
contemplate machining this material after molding should ask for addi¬ 
tional investigation of designs. 

Cold-mold products are difficult to machine, and no molds should 
be built without a trial of the after-machining operations, such as drilling 
or tapping. Few cold-mold materials may be machined easily. 
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Most of the thermosetting materials are machinable, and many 
machine operations are planned to reduce mold or molding costs. Sharp 
comers at parting lines may be radiused by filing or by using special 
fixtures. Parting lines may be undercut by motor-driven high-speed 
cutters. Holes are frequently produced by machining. It is best to 
give the parts that are to be machined an after-baking operation of 8 to 
24 hr. at 210 to 250°F. to stabilize the properties of the material and to 
minimize further shrinkage after machining. 

Tools dull rapidly when used to cut the thermosetting materials, 
and even greater wear results when fine cuts are made near the sur¬ 
face. Longest tool life will be achieved by allowing 0.020 to 0.040 in. for 
removal by machining. 



Fig. 60.—Leather-grained surface texture produced by mold. 


The thermosetting materials cannot be punched, and it is almost 
impossible to do a satisfactory job of reaming on them. Products 
using thermosetting materials should not be designed for reaming 
after molding. If extremely close concentricity or hole diameter is 
required, it must be produced by boring. Reaming cannot be consid¬ 
ered for holes having any depth. It is possible to solder inserts molded 
in thermosetting* materials, but if high-temperature solders must be 
used, it may be necessary to preheat the parts to 250 F. to minimize 

cracking. 
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CHAPTER XVI 


MOLDS FOR PLASTICS 

By Henry M. Richardson 

Consulting Engineer, DeBell & Richardson, Springfield, Mass. 


It is not the intent of this chapter to be a treatise on mold design, 
because that is a special field requiring a degree of detailed information 
beyond the fundamental scope of this volume. It is the purpose of this 
chapter, however, to discuss some of the things that the plastic molder 
should know and transmit to his mold maker in order to get the kind of 
molds he wants and to tell something about the materials and equipment 
used by the mold maker in the production of good molds, so that designs 
of parts and molds can be made which are not difficult to produce. 

The problem of mold design and construction begins with considera¬ 
tion of the part that is to be molded and the equipment available in the 
molder’s plant. This automatically puts a limit on the possible freedom 
of mold design. Obviously, the molds must be adapted to operation in 
the presses in which they are to be run. The common pressing equip¬ 
ment consists of hydraulic or mechanical presses of the following types. 

1. Single- or multiple-opening presses with up-moving or down-mov¬ 
ing pressure heads and with platens cored for circulation of heating and 
cooling mediums (usually steam and water). Such presses are used with 
molds that can be removed when the press is opened and taken apart 
outside the press. In larger sizes, such presses are used for the pressing 


of laminated sheets. 

2 Semiautomatic compression-molding presses are usually made with 
up-moving pressure head and with means for forcibly opening the mold 
and operating the ejection pins for removing the molded parts from the 
mold. Usually the top and bottom parts of the mold are fastened to the 
top and bottom platens and the mold frame cored for heating (and 


cooling if necessary). . - or 

3 Two-ram angle or in-line presses for compression, transfer, or 

injection molding, in which the mold is clamped shut by one ram and 

the material, either thermoplastic or thermosetting, forcedm by 

action of the second ram. These are usually equipped with^ 

forcibly retracting the pressure plunger and opening the < 

as devices for ejecting the molded parts. Injection-molding presses a 
a L fitted with automatic hopper feed for the compound and with a 
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heating chamber through which the compound ia forced while it ia being 

rendered plastic on its way to the mold. 

In the^early days of the industry, and even at present there are ma y 

“hand molds” in use which are taken apart, loaded and unladed ou - 

side the press but pressed in simple compression presses fitted with heated 

platens ? Such molds are adapted to molded parts made in small quanti- 

£ since the mold cost is low and the “set-up” cost of putting the mold 

into production is a minimum. The molding cycle is much longer than 

for the other types of molding, and, in general, the labor cost per piece 


molded is much higher. ' , 

Semiautomatic compression or transfer molds are adapted to shorte 

production cycles and lower unit cost than the “hand molds, but the 
mold cost is greater, as well as the set-up .cost. They are mounted in 
the press of type 2 (above) and are generally fitted with their own integral 
heating means. For compression molding, the mold has a single opening 
and the compound is placed in the cavities and the mold closed on it 
causing it to flow and fill the cavities and forcing the excess compound 
out at the parting (or flash) line. For one type of transfer molding, the 
mold has two openings in series: one that closes on the parting line, and 
another that forces a plunger into a chamber containing the compound. 
The compound is heated and rendered plastic in this chamber and is 
forced out of it through sprues and runners into the closed cavities. 
When the cavities are filled, the pressure on the plastic causes the mold¬ 
ings to attain maximum density. Pressure is held until the parts have 
solidified in the cavities. The mold is then opened, and the parts and the 

residue in the heating chamber are removed. 

Molds for the two-ram presses operate, in general, like the semiauto¬ 


matic molds in single-ram presses, but with the mold clamping done by 
one ram and the compound flow actuated by the other. 

After determining the type of mold to operate in the available equip¬ 
ment, the next point for decision is the type of parting or flash surface 
to provide where the major parts of the mold (the moving parts) come 

together. These types are as follows: 

1. Flash Type .—Here the flash is horizontal, and the parting sur¬ 
faces of the mold merely butt together. As the mold is closed, the 
material flows and the excess is forced out into the flash space and finally 
is pinched off a,s the land is forced into contact with the surface of the 
other part of the mold. This is the simplest and lowest cost type of 
parting surface. It is universally used where the mold is first closed 
before introducing the compound into it as in transfer or injection mold¬ 
ing ; it is also used for many simple compression molds. Its disadvantage 
in compression molding is that the cavities must be somewhat overloaded 
to assure good density in the molded parts. This is not as disadvan- 
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tageous when compounds with low compression ratio such as rubber or 
thermoplastic sheet stock are used. 

2. Positive Type .—In this type the full pressure of molding is taken 
by the plunger or force acting against the compound. The flash, there¬ 
fore, flows upward along the surface of the plunger. This type assures 
maximum density in the molded part, but presents a problem of pressure 
distribution when more than one cavity is present in the same mold, 



Fig. 1.—Flash-type parting surface. Fig. 2.—Positive-type parting surface. 


and makes dimensions that cross the parting line difficult to hold to close 
tolerances. 

3. Other types of parting surfaces are compromises between the above 
fundamental types. 

a. ■ Flash mold with positive entry (sometimes called semipositive): 

Used to give higher density in compression-molded pieces than 
would be had with simple flash molds. 

b. Landed, semipositive: Used in multicavity molds to give more 
loading space for compound in compression mold and to save 
compound waste and give higher density as compared with 

flash molds. 



c. Loading shoe: Provides more loading space and less spillage than 
flash molds. 

d. Stripper plate: The stripper plate can be used on transfer or 
injection molds as a means for removing parts from mold 
plunger. On compression molds can be used for the same pur¬ 
pose and (as with loading shoe) to give more loading space 

than a flash mold. 


After choosing the general type of parting surface, n e xt step is the 
choice of location of the parting line on the piece. This teas cove 
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in the chapter on design of molded parts, because it affects the cost of 
finishing and the appearance of the part as well as the design of the mold. 

Having located the parting line, the next decision is that of which side 
of the parting line will be in the chase or cavity and which in the force 
or plunger—which side will be up and which down—and whether on 
opening the mold the parts will remain in contact with the chase or the 
force. Considerations of location of inserts, ejector pins, shape and size 
of part, etc., will generally rule this decision—modified, of course, by the 
method of molding used and the type of equipment available. 

After having decided the type of mold to make, and the type ot 
equipment in which it is to be used, as well as the location of the pai ting 
line and the side of the piece that will be up and whether the piece is to 
stay up or down as the press is opened, we can now proceed to the deter¬ 
mination of the number of cavities to put in the mold. 



Fig. 5.—Loading-shoe mold. Fig. 6 . Stripper-plate mold. 


How Many Cavities.—The choice of the number of cavities per mold 
is primarily the solution to a problem in economics. The more cavities 
there are in the mold, the more expensive the mold will be. The first 
cavity is, of course, the most expensive to make since the toolmaker must 
lay it out and cut it by accurate measurement. The labor of producing 
duplicate cavities and plungers is very much less where modern dupli¬ 
cators are used. Also the cost of the mold frame, including the ejector 
pin bars, the arrangement for heating, the spacer blocks, etc., does not 
increase in proportion as the number of cavities assembled in the frame 
increases. 

One approach to this problem is to determine how many cavities are 
required to produce the required weekly output of molded parts. It is 
not difficult to estimate the probable cure time and working time that 
constitute the total molding cycle. Having the molding cycle and 
knowing the number of hours worked during the week and making due 
allowances for delays and operator efficiency, the number of total cycles 
per week or pieces per cavity can be estimated. Dividing the required 
number by the number of pieces per cavity per week will give an approxi¬ 
mate number of cavities. The number derived by this method, however, 
may be larger than the number it is economical to operate. For example, 
by this method one might calculate that there should be 200 cavities 
in the mold. These do not all need to be in one mold; two or more 
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molds may be more desirable, each with fewer cavities. There are 
several things that militate against large molds with many cavities. 
Some of these are as follows: 

1. There is difficulty in maintaining a large number of cavities in the 
same mold uniform in their volume so that pieces will be made with 
proper density and uniform dimensions, and with a uniformly thin flash 
line. 


2. Where inserts must be set in the mold, the loading time for a 
large multicavity mold may be out of proportion to the molding or curing 
time. Therefore the press may need to stand idle a large portion of the 
time while the parts are being removed, the inserts set, and the compound 
loaded. It may be much more efficient to have smaller molds so that the 
press utilization will be greater. 

3. There is vulnerability to damage from overloading. Should one 
of the many cavities in a large mold, particularly a semipositive or landed 
type of mold, be double-loaded either by placing two pellets instead of 
one in it, or by failure to remove one of the moldings before reloading, 
the pressure on that cavity will be greatly in excess of normal. In spite 
of all precautions, this may occasionally happen. In such a case, almost 
the entire molding pressure rests on that one cavity. If the mold has a 
large number of cavities—over 25, let us say the total pressure is likely 
to cause the overloaded cavity to be forced down into the mold frame 
or to be broken. The mold must then be taken to the shop for repairs 


before that cavity can again produce good parts. 

Experience has shown that molds with a maximum number of cavi¬ 
ties, somewhere in the vicinity of 25 to 30, is about the limit that is 
economical to provide, except where simple flash-type molds are used or 
where the mold may be closed before the material is forced into the 
cavities Unless the cost of mold repairs and the cost of lost production 
or of excess spoilage from cavities that are in need of repair are taken 
into account, one might calculate that the larger the mold the lower is 
the unit cost of molding. It is the contingent liabilities, however, that 
have brought about the trend to molds with fewer cavities for compres¬ 
sion molding. Experience has set a practical limit of 25 to 30 cavities 


in semipositive compression molds. , mniovitv 

Another thing that may limit the size of the mold is the comple y 

of the part to be molded in it. It may be that the part has undercuts 

or side holes which must be molded by means of loose wedges winch™ 

placed in the mold but which are removed with the piece and disasse 

bled from it. or there may be pull pins which are act " a ^ d fL^aily 

more economical to cut down the number of cavities per mold and 
more than one mold to avoid undue liability of damage. 
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The relation between cure time and working time also is a determining 
factor. Obviously, the press is most productive when it is busy molding 
and curing pieces in the mold. In like manner, the operator is most 
effective when he'is busy loading and unloading the mold. The essen¬ 
tial objective, therefore, is to keep both the press and the mold just as 
busy as possible curing the parts and keep the operator as busy as pos¬ 
sible doing useful work in connection with the loading and unloading of 
the mold. This means that the operator may take care of more than 
one molding press or that the mold may be arranged with a duplicate 
and removable frame of cavities so that the operator can be loading and 
unloading one set outside the press while the other is in the press molding 
parts. Each mold and each particular job has its own most economical 
arrangement as to number of cavities and design. We can merely call 
attention to the problem here; its solution is different in every case. 

Provision should be made in the mold cavities for sufficient loading 
space to accommodate the compound that is likely to be loaded into it. 
This compound may be in the form of a pellet or perform or in the form 
of loose granules or flakes with a bulk factor all the way from 2.5:1 to 
6:1. If there is any likelihood that more bulky compound will be used 
than that which is initially contemplated, the mold should be designed 
with additional loading space to take care of the most bulky compound 
that is likely to be used. 

Allowance for Compound Shrinkage.—Having decided on type, 
general arrangement, and number of cavities in the mold, we can now 
proceed to lay out the cavities and plungers. We must recognize that 
the dimension of the molded piece will not necessarily be the same as 
the dimension of the mold in which it was made. This is particularly 
true in the case of thermosetting compounds which undergo a chemical 
reaction or cure during the molding cycle. Here the shrinkage of the 
compound may amount to 0.004 to 0.012 in. per in. or even more. Nor¬ 
mally the calculation of mold dimensions assumes that the shrinkage will 
be 0.006 to 0.008 in. per in. In other words, to mold a piece with a 
final dimension on the molded part of 1 in. after the piece has cooled off 
to room temperature, the dimension of the mold that will mold that 1 in. 
length must be 1.006- to 1.008-in. cold. The choice of the exact shrink¬ 
age allowance in a mold will depend on the type of compound that is to 
be used and the type of control that is to be exercised over that compound, 
such as the amount of preheating or preconditioning of the compound 
before it goes into the mold. Even with such an allowance, one cannot 
guarantee that the dimensions of the molded piece will come out exactly 
as we have figured them. There are other factors that may interfere. 
For example, if the molded part has a number of holes molded in it by 
means of heavy pins that are fixed in the plunger or cavity, they may 
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prevent the shrinkage of the molded part in certain dimensions and the 
shrinkage allowance will need to be less. As a matter of fact, it is almost 
impossible to predict all the final dimensions on the molded part so that 
it is common practice to sample the mold after it has been made and 
compare the dimensions of the molded part with the dimensions of the 
mold, making such corrections in the mold by machining it or by chro¬ 
mium plating in order that the final pieces may come well within the 
required tolerances. 

Where unusually close tolerances are to be held, e.g., + .002 in. per in., 
it is often worth while in designing the mold to sectionalize it and make 
up the cavity or plunger as an assembly of individual pieces that can 
be locked together but that can be taken apart for grinding to adjust 
the dimensions after the mold has been sampled (with normal compound 
molded under normal molding cycles of time, temperature, and pressure). 

All molds should be designed with sufficient amount of area in contact 
between the force and the chase to absorb all the clamping pressure that 
the press will exert. This means that the area of the lands surrounding 
each cavity must be sufficient so that the clamping pressure will not 
cause any upsetting or peening of the surface to cause undercuts or back 
tapers which would interfere with removal of parts from the mold cavity. 
In addition to the lands that are provided on the plungers and cavities, 
there is usually also provided a series of pads on the mold frame which 
also will take part of the load when the mold is clamped together without 


its charge of compound. 

Taper or Draft—It is the object in designing of plastic molds to make 
them so that parts can be readily produced. The molds should be easy 
to load, easy to clean, and above all, easy to remove the parts from. This 
latter factor is often the one that brings difficulty. It can be helped a 
great deal if in all cases there is a sufficient amount of draft or taper on 
the sides of the mold cavities and plungers so that the molded parts can 
readily come off or out of the cavity. Wherever possible, a definite taper 
of U to 1 deg. should be provided. In such cases where little or no 
taper is allowable, the taper should be in the nature of a tolerance. In 
any case, some should be present in order to be sure that a negative 
taper or undercut does not exist. It is desirable on nbs and bosses, par¬ 
ticularly if these are high with respect to their width, to provide 3 to 
5 deg. on each side. It is possible to remove the pieces from the mol 
with less than the amount of taper we have suggested, but where hg 
production is required and ease of mold operation together with imm- 
mum spoilage, generous taper allowances should be made^ It seem to 

money necessary to provide sufficient and definite taper on the mold 


parts. 
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Fillets and Radii— Another very fundamental thing to consider in 
the design of a mold is the provision of generous fillets and radii at all 
corners. There are two reasons for this. (1) It allows better mo e 
parts (2) It makes stronger and longer' lasting molds. Good molded 
parts depend upon easy and free flow of the eompound in the mold 
The ideal type of compression-molded part is a plain round cup wi 
plenty of taper on the sides and very generous radii around the base so 
that the compound will flow readily up along the walls of the cup^ 01 
course the molded parts that are made in the industry are far from being 
of such a simple type. Nevertheless, if generous fillets can be provided 
in the mold to allow free and easy flow of the compound, and where the 
mold surface is kept highly polished, the flow will be more uniform and 
the density of the piece will be nearly the same throughout and will have 
a minimum of residual strain existing in it. Sharp corners or changes of 


section in any integral structure are points of weakness where stress can 
concentrate and cause failure. Generous fillets do much to minimize 
this. By the same token, fillets in the mold cause it to be stronger and 
much less liable to breakage than if none were present and all corners were 
sharp. Furthermore, it is easier to make and polish a mold that has 
rounded fillets in the corners than one in which it is necessary to work out 


sharp corners with hand tools. 

Another item to watch is the ratio of length to diameter of pins in 
molds. Generally for compression molding, the ratio of length to diam¬ 
eter of a pin which is only supported on one end should be no more th&n 
2:1. Now if the hole that is to be molded in the piece is deeper than this 
ratio will allow, it is better to taper the pin or make it stepped with two 
diameters so that it mil in effect accomplish the same ruggedness as 
would be the result of the low length-diameter ratio. If the hole goes 
through the piece and the pin making the hole is supported on both ends, 
in a compression mold the ratio of length to diameter can be as high as 
6:1. In transfer or injection molding, where the mold is closed before the 
plasticated compound is forced into it, the pin supported on one end can 
have a length-diameter ratio as high as 6:1, while the pin supported on 
both ends can safely have a ratio of 15:1. Of course there are molds in 
operation that go beyond these ratios, but in such cases special care must 
be taken and provision made for easy replacement of broken pins. 

Inserts must be securely anchored in order that the flow of the com¬ 
pound mil not displace them. Not only should inserts be located on 
pins that are as rigid as they can be made, but usually a collar should be 
provided on the insert which mil fit into a recess in the mold. This 
fit should be tight enough so that compound mil not flow around and 
under the insert. This generally means that the insert be made slightly 
oversize so that it must be driven into place. 
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The usual provision for removing pieces from the mold is the inser¬ 
tion of ejector pins that are flush with the surface of the mold when 
compound is loaded and when the mold is under pressure. When the 
mold is opened, the ejector pins are forced above the surface of the mold, 
pushing up the molded part and removing it from the mold so that it 
may be lifted out and put in the work box. These ejector pins may be 
located either in the top or the bottom of the mold. Decision must be 
made before constructing the mold where the ejector pins must be placed 
in order that they may be designed into the mold and incorporated into 
its framework. These pins are securely fastened in a rigid bar which, 
when the mold is closed, is well seated and cannot be moved by the 



Fig. 7.—A simple frame for a compression mold to be 
Plunger plate is A; cavity plate is B\ knockout bar is 
Pittsfield, Mass.) 


used in a semiautomatic press. 
C. (<General Electric Company, 


pressure of the compound on the ends ol the pins. Also since these 
pins must move up and down, they will have a slight clearance and 
therefore flash will follow down the pins. Provision must be made to 
clear this flash so that it will not interfere with the operation of the mold 
or jam the ejector pins. The pins will, of course, make a mark on the 
surface of the molded part and be visible. This should be taken in o 
account in the design of the piece in order that such marks may be as 
inconspicious as possible and not located on surfaces that are required to 


^ Another consideration for the knockout pins (or ejector pins as they 
are sometimes called) is to locate them so that they will exert an even 
pressure on the molded part during its removal from the mold and wil 

not cause it to be distorted. . 

Under present-day practice, most of the plastic molds are of the aim 

automatic type which are mounted directly m the press. They are 
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fastened to the press platens and open and close with the press. Thus 
the frame of the mold that holds the parts, the plungers and cavities 
and the ejector-pin mechanism must be carefully built so that it will 
give long and trouble-free service. Usually the plungers and cavities 
are made up in single units and are assembled in plates forming part of 
the mold frame. These plates are usually channeled for the heating 
medium, steam. Beneath the cavity plate and arranged so that the 
ejector pins will pass through it and through the individual cavities is 
the ejector bar or “knockout bar” in which the ejector pins are fixed. 
In order that the knockout bar may move up and down, the cavity plate 
is supported on a series of spacer blocks or parallel bars. These, in turn, 
are mounted on the base of the mold which, in turn, is mounted on the 



Fig. S d. —Tube-base mold fully assembled. (General Electric Company.) 


press platen. Likewise, the forces or plungers are assembled in a heated 
plate and mounted on a supporting plate, which in turn is fastened to the 
other platen of the press. The frame is also provided with dowel pins 
and hardened bushings into which these pins fit. It is by means of these 
that the two halves of the mold are brought into accurate alignment when 

the mold is closed by the press. 

Figure 8 a, b, c, d shows elements and assembly of a more complicated 
mold. 

As mentioned earlier in this chapter, the plungers and cavities are 
usually machined to proper shape on a vertical milling machine or die- 
sinking machine. Where duplicate plungers and cavities are made, 
often a duplicator is used which will reproduce the original in very much 
less time than it takes to make it on the die-sinking machine from a lay¬ 
out. Another process of making mold cavities is called hobbmg. Briefly 

this is a process that uses a hardened steel member which is forc ® d 0 
a cold steel blank, leaving its impression in that blank which will then 
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Mold with hobbed cavities and hob that was used to form them 




Fig. 10.—Compression mold for use in an angle press (upper plunger not shown) 
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H —Cavity of transfer mold showing assembly of removable interlocking 


cores. 
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be the cavity. The hob, of course, is cut as the reverse of the cavity 
to be produced. Oftentimes a configuration can be made by machining 
on a hob which could not readily be cut in reverse in the cavity by 
machine. This is particularly true where mold cavities for making 
serrated knobs must be produced. It is very much easier to cut the 
serrations on the outside of the hob and then force the hob into the steel 
blanks to form the cavities than it would be to cut the serrations on the 
cavity itself. The steel for the hobbed cavities must, of course, be a 

soft steel that can later be carburized and hardened. 

Materials for Making Molds—The cost of making a plastic mold is 

mainly the labor that is spent on it and the overhead that provides the 
equipment and facilities with which to work. The cost of the material, 
the steel that goes into the molds, is relatively small. It almost nevei 
exceeds 10 per cent of the mold cost. It is therefore desirable to be very 
careful in the selection of the steel that is used in making the mold, par¬ 
ticularly the plungers and cavities on which most of the work is spent. 
It is very discouraging to spend many man-hours of labor on the cutting 
of a cavity or plunger and then to find the piece is ruined because of a 
small flaw in the steel which will not allow a good smooth surface to be 
formed. Thus it would seem that the first requisite of steel for this 
purpose is freedom from flaws or inclusions. This usually means an 
electric-furnace steel. Next, it must be a tough steel which will with¬ 
stand the load put on the mold and which has a sufficiently high yield 
point so that it will stand a very heavy overload. We mentioned earlier 
the possibility of a double load in one of the cavities in a multicavity 
mold. By using very strong tough steel, it is possible to overload a 
single cavity in a 25- or 30-cavity mold without damaging it. 

This does not mean that all the steel in a mold must be chrome-nickel 
steel. For the frame and base plates and the parallel bars, the knock¬ 
out bar, ordinary machinery steel is usually satisfactory. 

For the plungers and cavities, several special steels have been devel¬ 
oped by the manufacturers of high-grade electric-furnace alloy steel. 
Some of these we shall mention as being typical of the steels ordinarily 
used in the industry. 

For hobbed cavities, a chromium-nickel steel of low carbon content is 
often used with an analysis something like the following: carbon 0.10 per 
cent, manganese 0.50 per cent, chromium 0.60 per cent, nickel 1.25 per 
cent. This steel can be readily carburized and casehardened and has a 
core yield strength of 70,000 to 90,000 p.s.i. 

For machined cavities and plungers that are to be carburized for 
casehardening, a typical analysis is as follows: carbon 0.15 per cent, 
manganese 0.50 per cent, chromium 0.60 per cent, nickel 1.25 per cent. 
This has a yield strength in the core of 75,000 to 98,000 p.s.i. 
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A somewhat stronger steel for machined cavities and plungers having 
a higher strength core for casehardened parts has the following typical 
analysis: carbon 0.10 per cent, manganese 0.40 per cent, chromium 1.5 per 
cent, nickel 3.5 per cent. This has a yield strength of about 135,000 p.s.i. 

For some small machined cavities and plungers where very close 
tolerances and fine work are required and for most of the parts going into 
small hand molds, an oil-hardening tool steel is required. The following 
is a typical analysis of such a steel: carbon 0.90 per cent, manganese 1.60 
per cent, silicon 0.25 per cent.. 



IMG. IS.—Steel for plungers and cavities is cut from bars or billets by means of power saw 


Recently, and particularly for the cavities and plungers of injection 
molds that are subjected to high fluid pressure, stainless steels are used, 
having formulation somewhat as follows: carbon 0.30 per cent, manga¬ 
nese 0.60 per cent, silicon 0.50 per cent, chromium 13 per cent 

Insert'd pins or ejector pins can be made of drill rod, winch is tool 

steel or of hardened music wire. 

Steel for use in the making of hobs for the hobbing of cav. .es.can£ 
2 * and toughness ranging from a high-carbon high-chromium steel 

having 1.5 to 2.10 per cent carbon and 12 to 12 A P« c 
dotvn to the tougher lower carbon steel such as one with 0..5 pel 
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carbon, 1 per cent chromium, and 1.75 per cent nickel; or 0.55 per cent 
carbon, 1.5 per cent chromium, and 2.5 per cent tungsten. 

Machining of Plastic Molds—The equipment of a mold-making 
shop usually consists of high-grade machine tools. In general, from the 
start of the mold to its completion, it requires the use of a number of 
different and specialized machine tools. Let us consider some of these 



Fig. 14—Vertical milling machine for profiling or diesinking. ( Bridgeport Machines, Inc.) 

briefly. First the steel must be cut into blocks from which the cavities 
and plungers can be machined. The high-grade steel for these parts 
usually comes to the mold maker in the form of bars, slabs, billets, or 
forgings. The pieces are roughly cut to a working size by means of a 
band saw or power hack saw. The blanks are then machined true and 
squared-up so that they can be handled in the profiler or vertical milling 
machine. The rough shaping and squaring of these blocks is done on 
shapers and planers. The blocks for the original plungers or cavities 
are then very carefully laid out by the toolmaker and set up in the pro- 
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filing machine which does the cutting. It is a vertical milling machine. 
Here the plunger and cavity are cut from the layout, and by careful 
measurement, to coincide with the drawings of the mold parts. After 
making the originals, they can then be used as patterns in a duplicating 
machine. The duplicating machine is a device that is equipped with two 
holders, one for a blank and one for the'pattern, both mounted on the 
same bed plate. The contour of the pattern is followed by a tracer, which 




ill plungers and cavities 
I Electric Company.) 


man 


(Gorton). 


r,r- 

a frame ...at holds i. «gh,.y and keeps H from spreading. Usually, ^ 
underside of the blank has been machined away to■ m P ^ ^ ^ 

metal that is displaced by the hob. The suit ace m 
s ,t is first ground and polished so that the resulting surface 

the hob will contain no tool marks or grinder marks. 
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The layout of molds usually requires accurate spacing of holes in 
order that the pins that are set in them will mold holes in the molded 
parts which are accurately spaced and also that all ca\ ities will be alike. 
Thus the holes in cavities and plungers, the round holes, are generally 

done in a jig borer or in the vertical milling machine. 

The frames for carrying the plungers and cavities are very accurately 
laid out, and the recesses in the frame for holding the plungers and cavities 



Fig. 16. Duplicating machine (Keller) for large plungers and cavities (Pratt and Whitney). 

0 General Electric Company.) 

are generally milled accurately to shape. Sometimes the plunger and 
cavity blocks are made rectangular with accurate dimensions so that 
they may be assembled as a unit tightly in the steel frame. Sometimes 
the plungers and cavities are made with round bases that are set into 
round holes in the frame. In any event, the matching of the top and 
bottom frames must be perfect. 

Every toolroom has engine lathes and bench lathes for machining 
of the round parts and cutting of threads. Threads that are to be molded 
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into the compound, however, are usually milled in order to provide a 
better finish at the start of the thread. 

The counterpart of the engine lathe or bench lathe is the cylinderical 
grinder which is used for finishing all round parts. Likewise, these are 
surface grinders to finish the flat surfaces. This finishing work is done 
after hardening. 
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To cut the slabs of machinery steel that are used for the frames, 
parallels, knockout bars, and base plates, there is usually an oxyacety- 
cne cutting toreli arranged for guided operation, this is a Aery 

close and aeeurate machining. , h 

V very convenient machine tool for finishing of blocks and ba 

olutes is u surface grinder with vertical spindle and with a large rotating 

C;;„ CM,. ... U .be.*. Thus for .he hose 

ran |>e cut with the oxyacetylene torch and then put on ‘ » 
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and surfaced parallel on both sides. This is all that is needed in base 
plates of this sort. 

In addition to the machine operations, there are many hand operations 
that must be done at the bench. This requires a variety of hand tools, 
such as engraving tools, various types of files, and polishing and lapping 
equipment. 



Electric Company.) 


Since all the principal parts of the mold, the plungers, cavities, and 

Pins, must be hardened, a good toolroom is provided with carburizing 
and heat-treating equipment. 

In recent years, the use of hard chromium plating on plastic mold sur¬ 
faces has been found extremely beneficial. In the first place, it provides 
an excellent wearing surface on a highly polished mold and eliminates a 
good deal of the breaking-in time which was formerly required with 
compression molds. Furthermore, chromium plating is a very convenient 

means for adjusting dimensions where it is necessary to add metal to the 
mold surface for this purpose. 



. f .'A 


1 „ i<j —Internal and external cylindrical surfaces are accurately finished to size on a 
lu *- cylindrical grinder. (General Electric Company.) 

molds are none too good. Much of the cost of the mold is in the finishing 
operations the handwork that goes on at the bench. Here again appi - 
uUmovs i' .lie watchword. It is desirable to have high polish on some 
mold parts but on other surfaces of the mold the high polish .snot needed 

that'the irompound does not stick to it When the mold 

maker the finishes required, be carefu to point out the o “ 
need special high finishes and those which do not. This will allow 

finishine: labor to be conserved. , TTpre 

The same general principle applies to the tolerances e ^ e ^ 1 the mo ided 

L rts and to note the critical dimensions that must be held m the mo 
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After making all the mold parts, the mold maker must then assemble 
the completed mold, inspect it, and in many cases sample it. 

Appropriate Tooling.—Molds for the molding of plastics are of course 
rather expensive. It is therefore desirable to design such tools on a 
basis that is appropriate to the job that is to be run. Obviously if there 
are only to be a few pieces made in the mold, the mold should be as simple 
and low in cost as possible. On the other hand, if the mold is to be 
used over a period of years in continuous production, the best possible 
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part so that the toolmaker may take corresponding care m the meeting 
of the required mold dimensions. The molded part can never be more 
accurate than the mold in which it is made. Likewise, on such cntica 
dimensions, it is desirable to check very carefully to see that these critical 
dimensions are the same on each and every cavity. Probably the best, 
way to attain high precision in multicavity molds is first to finish one 
cavity and plunger and set it up in a frame, running it as a single eavit.v 



Fig. 20.—Flat surfaces of mold plungers and cavities are finished accurately on a surface 

grinder. (General Electric Company.) 


mold with normal compound, molded under normal conditions of time, 
temperature, and pressure. Mold a good many pieces in this sample 
cavity, and measure them carefully, comparing the dimensions of the 
molded pieces with the dimensions of the mold. It is then rather easv 

v* 

to determine what changes must be made in the mold dimensions in 

order to make molded parts well within the tolerance range. After this 

has been determined, the sample cavity and plunger can be corrected 

and resampled and then the duplicate plungers and cavities made exactly 

% 

to match the corrected sample. This may sound like a long procedure, 











_i„ addition to the machine work, there are many hand operations of engrav- 
hh,,;!' and grinding that must be done at tire bench by skilled workers. (General 

ctric Company.) 

Fixtures are often found in the pressroom. Many of these are for 
e purpose of sizing pieces after they have been removed from the mold 
ie hot pieces are allowed to cool on these fixtures and are clamped 
mly in place so that upon cooling the molded parts will be held in 
rtain fixed dimensions. These fixtures are seldom hardened, and they 

c sometimes equipped for w&tei cooling. 

Gauges as used in the plastics industry are of two general types 
he process gauges are used for checking certain critical dimensions at 
o press or in the finishing room when checking setups or the progress 
the work. The final gauges are the ones that are set to the hmi s 
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but most molders will assure you that in the end it is the surest, safest 
and usually the quickest way to get high-precision multicavity molds. 

Jigs, Fixtures, and Gauges. —The work of the toolmaker in the tooling 
for plastics production also includes the manufacture of jigs, fixtures 
and gauges. Jigs are mainly used for holding of work while performing 
finishing operations. Seldom are jigs, as commonly termed, used in the 
pressroom; they are usually found in the finishing room. 
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are specified on the drawing of the molded parts. Usually the process 
gauges are set to slightly closer limits than the final gauges in order that 
they may detect deviations of important dimensions before such devia¬ 
tions will cause the molded parts to be rejected on final inspection. The 



Fig. 22.—Much of the labor of mold making is spent in lapping and polishing after all 

machining operations are complete, (i General Electric Company.) 


accuracy required in these jigs, fixtures, and gauges is fully as important 
as the accuracy of the molds themselves. 
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CHAPTER XVII 


RESIN-BONDED AND LAMINATED ASSEMBLIES 

By H. J. West 

Plastics Division, American Cyanamid Company, New York, N.Y. 


PART I—ADHESIVES 


Throughout the ages before the development of synthetic resins, 
adhesives of natural origin, more commonly referred to as animal or 
vegetable glues, were used Avidely even by primitive peoples for the 
fabrication of many of the articles of everyday necessity, and their formu¬ 
lation Avas frequently an art handed doAvn from generation to generation. 
They Avere generally Avater-soluble or dispersible substances that devel¬ 
oped adhesive characteristics Avhen Avet and their ability to bond articles 
together by loss of Avater through evaporation or by absorption through 
the contacting surfaces. Except in the case of heat hardening of blood 
albumen, these glues do not become completely infusible or insoluble 
by aging at room temperature or upon application of heat, and, there¬ 
fore the glue line in a bonded assembly becomes extremely Aveak when Avet. 
Moreover, they are sensitive to bacterial or fungus attacks and may 

become entirely destroyed Avith the passage of time. 

The use of synthetic resins as adhesives AA 7 as developed almost entirely 

Avithin the past two decades and is a natural corollary of the growth of 
knoAA’ledge of polymerization and condensation reactions. Polymeric 
materials of the thermosetting type are usually tacky substances Avhile 
in the A stage. Upon the application of heat, or through the use ot 
proper catalysts, they pass through the relatively soft but incompletely 
fusible B stage to the final insoluble and infusible C stage. Obvious y, 
therefore, they are potentially ideal materials for the production ot 

glues for the development of permanent bonds. 

Some thermoplastic polymers although permanently fusible are 

usually fairly water resistant. When used as film and applied as bonding 
material at elevated temperatures, they will function as goo g ues P 
vided that the bonded assembly is not used at temperatures above their 


From the Avide range of synthetic resins now available adhea 
be formulated to meet the exacting requirements and hrghly s^ciah 
conditions for bonding many different matenals, such as wood, pape , 
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glass, and rubber. In many cases, notably resin-bonded plywood, the 
bonds are usually stronger than the material itself. Thus, because o 
modem resin technology, industry is able to formulate a wide range of 
adhesive materials for specific application with performance requirements 
falling completely beyond the scope of adhesives of natural origin. How¬ 
ever, the natural glues have one property hard to match with synthetic 

types, viz., the easy workability and long pot life. 

Through the use of these adhesives, many new methods of production 

and even new industries have developed. For example, the modern ply¬ 
wood industry with its vast implications for our architectural future is 
largely dependent upon durable synthetic resins for its existence. The 
rapid assembly of plywood aircraft and gliders has been made possible 
by the development of special types of adhesives, and the success of this 
application is attested by the phenomenal success of the Mosquito plane. 
It has been reported that 17 per cent of all the aircraft production in 
England during the war was in wood, the adaptability to quick fabrica¬ 
tion being illustrated by the fact that one plane was designed, built, and 
flown within 9 weeks. 

The importance of the part played by adhesives in modern industry 
is shown by the widespread research now being conducted by various 
agencies, particularly, The Forest Products Laboratory of the U.S. 
Department of Agriculture at Madison, Wis. 

While some attempts have been made to develop a scientific definition 
for an adhesive, the popular conception of a glue is entirely adequate, 
since the function is still one of bonding two materials to form a useful 
assembly. The exact nature of all the physical forces responsible for 
the development of a strong bond between two materials is still obscure. 
Undoubtedly, two main factors are involved, purely mechanical forces 
and physicochemical forces related to the polarity of the contacting sur¬ 
faces. In the case of highly porous surfaces such as wood, the penetration 
of the adhesives into the pores is an important factor, but this mechanism 
obviously plays a relatively minor part in the case of metal-to-metal or 
glass-to-glass adhesives. The effect of highly polar groupings on metal 
adhesion is demonstrated by the increased adhesion developed when 
compounds containing carboxylic acid groups are introduced into many 
relatively nonadherent substances. Alkyd resins owe their outstanding 
adhesion to metal surfaces to.their highly polar groupings. 

Research on the fundamental nature of adhesion is in progress in many 
of those institutes which include glues and gluing among their projects, 
this type of work having been stimulated by the rapid development of 
the use of plywood in aircraft construction during the war. 

Let us consider the following list of industrial applications for adhe¬ 
sives: 
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1. Plywood: aircraft, PT boats, household furniture, laminated 
timber 

2. Pressure adhesives 

3. Adhesive tape, etc. 

4. Safety glass 

5. Leather cement 

6. Rubber cement 

7. Heat-sealing compounds 

8. Abrasives 

9. Labels 

10. Plastic-to-plastic cement 


Although only a few of the industrial applications are given, it is 
obvious that each application calls for a specific propei ty in the adhesive. 
The diverse uses of plywood require that the utmost care be used not 
only in the selection of the adhesive, but also in the method of application 
in order to ensure that the finished article will withstand the conditions 
under which it is to be used. Aircraft plywood is liable to be subjected 
to extremes of high and low humidity at temperatures ranging from 
minus 60 to + 180°F. Plywood for marine application must, of course, 
be able to withstand continuous immersion in salt water.. Pressure 
adhesives must remain permanently tacky under widely varying condi¬ 


tions of temperature and humidity. 

Safety-glass interlayer material in addition to remaining permanently 

flexible must retain a high degree of adhesion to glass, possess a lg 

degree of water resistance, and be permanently nonyellowing. 

Through the proper selection of the synthetic resin base, each of the 

exacting requirements of these industrial applications can be met 

Thefollowing are the main types of resins used in the production of 
synthetic adhesives, listed in approximate order of industrial importance. 

1. Phenol-formaldehyde (including resorcinol) Wmalde- 

2. Aminoplastic resins (urea-formaldehyde and melamine-form 


hyde) 

3. Polyvinyl resins 

4. Cellulose esters 

5. Acrylates 

Prior to the war, natural rubber cements 

but during the war they were ent.rey s / on rf Synthetic rubber 
elastomers of the vinyl type. , A detailed ^cussio y 

::r:s" a r.svA 
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Modem thermosetting resin adhesives can be prepared to cure or set 
over a wide range of temperatures from 70 to 300°F. or higher, being 
classified as hot set, low or intermediate temperature set, and room setting. 
Although no definite temperature range has been agreed upon as yet 
for each classification, these may be considered approximately as hot 
set above 180°F.., intermediate set 80 to 180°F., room set below 80°F. 

By reference to the theoretical consideration in Chap. V, it will be 
noted that thermosetting resins of the phenolic and aminoplastic types 
are sensitive to the action of catalysts. The rate of cure of phenolic 
resins can be accelerated by either acid or alkaline catalyst, and urea- 
formaldehyde resins can be cured rapidly in the presence of acids. 
Generally speaking, the setting characteristics of thermosetting adhesives 
can be controlled within certain temperature ranges by this property. 
The durability of heat-cured adhesives is usually better than that of 
the cold-set type, although the recently developed cold-set resorcinol 
adhesives are stated by the manufacturer to be comparable in durability 
to the hot-set phenolics and are recommended for work where maximum 
durability is required. There are several factors to be considered in 
comparing hot-set with cold-set types. Although the equipment required 
for cold-set gluing is naturally less expensive than the heated platens 
required for the hot-set type, the clamping time for the hot-set resins, 
i.e., the period under pressure, can be reduced to a few minutes, and 
frequently the saving in time more than offsets the expense of heated 
pressing equipment. Also it is obviously difficult to design presses for 
curved surfaces, and the use of cold-set adhesives is one solution to the 
production of plywood in simple curves. 

The difficulty in designing equipment for the production of curved 
plywood bonded" or assembled with heat-setting resins has led to the 
development of several ingenious methods of applying heat or heat and 
pressure. In one method, flexible electrical strip heaters are attached 
to the curved surfaces'and the heat applied directly to the part to be 
glued. Various other methods by which heat may be applied to ply¬ 
wood assembly and gluing will be discussed under the section Plywood. 

The Ideal Adhesive.—Because of the diversity of applications, it is 
not possible to visualize an ideal adhesive that would be suitable for all 
purposes. However, by far the largest field of application is in the man¬ 
ufacture of plywood and in the woodworking industry. The ideal bond¬ 
ing material for wood would have the following characteristics: 

Strength of Glue Line: should be at least as strong as the wood 
itself. 

Water and Moisture Resistance: Prolonged i mm ersion in water, hot 
or cold, or exposure to high humidity conditions over wide temperature 
ranges should be without effect on the bond. 
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Long Working Life: The glue solution should have reasonable stability 
so as to make unnecessary the frequent preparation of glue mixes. 
Most existing products require the addition of catalysts to promote cure 
which can, of course, take place in the solution itself. A practical glue 
mix is, therefore, frequently a compromise between the desire for the 
most rapid cure and a need for a reasonable pot life. 

Good Package Stability: The adhesive as shipped, whether in powder or 
liquid form, should be able to withstand storage for prolonged periods 

under temperatures ranging up to 100°F. 

Ability to Set at Low or Room Temperature: The ideal adhesive would 
develop its ultimate bonding strength within a reasonable period of time 
without the application of heat. 

Long Assembly Time: The adhesive after setting should withstand 
reasonable periods of exposure prior to the gluing operation without loss 

of bonding efficiency. 

Ability to Bond at Low or Zero Pressures: This property is particularly 
valuable when the surfaces to be joined are not in close contact. Glues 
that have this property and that will produce a durable bond in heavy 


glue lines are knowm as gap-filling cements. 

Lack of Sensitivity to the Moisture Content of the Wood: Many adhesives 

will fail to provide a satisfactory bond if the wood is abnormally damp or 

exceptionally dry. The ideal adhesive would give satisfactory results 

over a range of 2 to 20 per cent wood moisture content. 

Ability to Resist Fungus Growth: This requirement is particular y 
important with respect to glued assemblies for use in the tropics No 
knowm adhesives are believed to be entirely fungus resistant, and for the 

ultimate protection the use of fungicide is required. 

In the following section, the major types of adhesives are describe . 

It In be observed that although none of them meet all the ; oregomg- 
requirements, proper selection will permit the user to obtain those prop¬ 
erties most in demand for a specific application. 


type of synthetic resin adhesives 

The two major types of thermosetting resin adhesives are the pheaolics 

twetall si i'lrfhlvever, melamine rhsins develop 
much more durable bonds than the ureas. powders with 

or r P r; rr" “ ^ s s. ** - 
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powdered adhesive is well stirred in a mixer with the amount of water 
required for proper consistency. If a hardener is to be added, this is 
usually dissolved in a small amount of water and added to the mixer 
prior to the addition of the resin, although frequently the hardener is 
sold ready prepared as a liquid. Specific instructions of the manufac¬ 
turer should be observed in preparing synthetic resin glues for use. 

The function of the hardener is to catalyze the condensation reac¬ 
tion to permit cold setting or to reduce the time of cure at elevated 
temperatures. 

Dry adhesives are frequently supplied extended to a limited extent 
with wood flour or other cellulose filler. Wheat or rye flour has been 
used to a considerable extent for extending urea resins, but amylaceous 
fillers are not permitted in government specifications for aeronautical 
applications. 

1. Phenolic Adhesives.—These adhesives are essentially based on 
phenol-formaldehyde A stage resin condensate soluble in water or dilute 
alcohol. They are available in film, powder, and liquid form, the solid 
type being by far the more stable for storage. Much of the technique 
in manufacturing phenolic adhesives lies in arresting the condensation 
reaction within a favorable range. If the molecular weight of the con¬ 
densation polymer is too low, the glue will penetrate porous surfaces and 
give a starved glue line, whereas if advanced too far, the glue will not 
spread well and will have a limited pot life. Most phenolic adhesives 
are recommended for heat setting and do not require the addition of an 
accelerator. Room-setting types can be made but require the addition 
of large amounts of acid accelerator, which results in the development of 
an undesirable high acidity in the glue line. 

Phenolic glues are extremely durable; until the development of 
melamine-formaldehyde resins they excelled all other glues in this 
respect. They are resistant to both fresh and salt water, will withstand 
boiling water, and are relatively fungus resistant. 

Specifications issued by the Army, Navy, and Air Corps for resin 
adhesives are such as to permit the use of phenolic adhesives for all 
temperatures including room temperature, one of the important 
requirements being that glued plywood shall withstand either 3 hr. boiling 
in water or 24 hr. of surface in water at 180°F. 

Phenolic-resin impregnated paper has achieved considerable impor¬ 
tance for gluing plywood. This material is marketed under the name 
Tego Resin Film and is stated by the manufacturer to be an accepted 
standard for aircraft plywood manufactured under Specification AN-NN- 
51 IB and for all hardwood plywood requiring highest exterior durability. 
The film is nontacky at ordinary temperatures, permitting easy handling, 
but the resin readily flows under heat and pressure, subsequently setting 
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to give an extremely strong and permanent bond. The temperature 
of cure ranges from 280 to 300°F. 

By far the most important application of phenolic adhesives is in the 
production of plywood, but other outstanding uses have developed 
including binders for abrasive wheels, plastic adhesives, etc. 

2. Resorcinol Adhesives.—Resorcinol-formaldehyde resins are now 
available for use as room-setting glues which harden within a few hours 
with a temperature of 70 to 80°F. and develop resistance to boiling water 
within a few days. Because of the highly reactive nature of the resin, 
the pot life of the glue is limited to periods of 2 to 3 hr. at 70 to 80°F. 
The adhesives are supplied as liquids requiring the addition of relatively 
large amounts of hardener. One manufacturer states that the addition 
of the catalyst is accompanied by the development of considerable heat 
and recommends that the mixer be cooled with a water jacket, conse¬ 
quently keeping the glue at 70°F. 

Durability data comparable with those obtained for phenolic resins 
and ureas are not yet available, but all indications to date indicate that 
they will be fully equal to the phenolics or melamines in this respect. 

The value of this type of adhesive for scarf and joint gluing where 
it is impracticable to apply heat is obvious, the quality of the bond equal¬ 
ing that of the phenolic-glued plywood itself and justifying the relatively 

high cost of the synthetic resin. 

3. Urea-formaldehyde Adhesives.—These types have the widest 
field of application of the synthetic-resin adhesives, curing over a wide 
range of temperatures and tolerating extension with flour and cellulose 
fillers. Although not equal in durability to phenolic resins, they are 
extremely adaptable to many highly critical applications. Glues highly 
extended with flour approach the natural glues in cost and are more dur¬ 
able and water resistant. The degree of practical significance of certain 
adverse findings during the war regarding durability under certain con¬ 
ditions of temperatures and humidity was never established, and the 
performance of the Mosquito plane in which all assembly work was done 
with urea resins would seem to indicate that these resins have adequate 
durability under a wide range of weather conditions. However, their 
use in aircraft construction in this country during the war was frowned 
upon and most of the assembly work was done with low-temperature 


phenolics or resorcinol resms. . . ^ 

Urea resins require lower temperatures and shorter curing times than 

the phenolics and are capable of giving excellent bond at room temper 
tures when cured with the proper catalysts They are e^entoUyu^ 
formaldehyde condensation products usually containing ta tta 
molecules of formaldehyde to 1 molecule of urea, »™labte both ^ P 
and dry powder. The dry powders frequently contain a small amount 
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extender, usually limited by specifications to not more than 20 per cent 
of the dry extended product. 

The hardeners used are either acidic substances or materials that will 
liberate acids by reaction Math free formaldehyde. Ammonium sul¬ 
phate, for example, can be mixed with a powdered urea resin to give a 
reasonably stable mixture, and the catalytic effect of the ammonium 
salt does not come into play until the adhesive is mixed with water. 
This characteristic has enabled the manufacturer to develop adhesives 
with the catalyst incorporated described as one-package adhesives. 

Because of the probable adverse effect of acid upon wood, glues for 
aircraft construction were controlled so that the acidity developed in the 
glue line would not fall below that equivalent to a pH of 2.5, thereby 



Fig. 1 . —Cold-set cones of four urea-formaldehyde cements illustrating the resistance 
of the gap-filling type to crazing on aging. Cone C represents the gap-filling type while 
A, B , and D are normal types. 


limiting the amount of acid or acid-producing catalysts that could be 
used. 

Urea-formaldehyde resins develop a fair degree of resistance to cold- 
water soaking, but will not develop boil resistance unless fortified with 
melamine or resorcinol resins. Current government specifications for 
cold-set glues usually require a definite shear strength after 48 hr. of 
cold-water soak. 


A unique type of resin has been developed for assembly work on ply¬ 
wood aircraft. These are usually known as gap-filling cements, but their 
specific characteristic rendering them useful for aircraft assembly is the 
low shrinkage of the glue line on aging so that heavy glue cross sections 
will show prolonged resistance to crazing. They are designed mainly 
for cold setting. 

Royal Canadian Air Force Specifications DTD-484 and C-27-484 


cover glues for use in joints where the surfaces to be joined may or may 


not be a continuous contact because of the 
adequate pressure. One provision is that the 


impossibility of applying 
glue shall give a satisfac- 
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tory bond across a %Q-in. gap requiring the use of the gap-filling type 
referred to. Actual strength requirements for the glues are given in the 
plywood sections. 

One manufacturer states that this type of glue was used for assembly 
work in the Mosquito plane. 

Urea-formaldehyde resins highly extended with wheat or rye flour 
will become of increasing importance for both cold- and hot-set applica¬ 
tions. The extended glue can be either hot or cold set, and even when 
extended with twice their weight of flour they still retain a fair measure 
of moisture resistance. They are of considerable interest for the pro¬ 
duction of plywood for furniture, the cost not being appreciably higher 
than that of vegetable glue. One military application in which flour- 
extended urea-formaldehyde resins were used during the war was in 
the production of plywood for shipping containers to meet the require¬ 


ments of specification AAF-15072. 

Another interesting application that has developed during recent 
years for urea-formaldehyde resins is the fortification of starch adhesives 
for use in laminating kraft paper for paperboard containers. To the 
cooked starch paste is added from 5 to 20 per cent urea resin based on the 
weight of starch together with an appropriate catalyst such as ammonium 
chloride. A brief curing period at moderate temperature sets the glue 
which, on aging, develops sufficient water resistance to withstand con¬ 
siderable immersion in salt water. Paperboard box containers would 
ordinarily deteriorate with extreme rapidity under these conditions, 
whereas the starch-urea glued containers hold together long enough to 
allow salvage after dumping overboard. This development was of the 


utmost importance to the armed forces. 

From the wide range of applications, versatility is obviously one of the 

outstanding characteristics of urea-formaldehyde resins. 

4 Melamine-formaldehyde Adhesives.— The field of aminoplastic 
resin adhesives has been broadened by the recent introduction of melamine 
resins which may be used unmodified or as fortifiers for the urea-formalde¬ 
hyde types. As we have seen in Chap. V, melamine is a tn ammo deriva¬ 
tive of cyanurie acid, namely 1,3,5, triaminotriasine, whereas urea ■*> 
diamide of carbonic acid. In both eaass, a reaction with formed Me 
produces methylol derivatives that condense to resmous bodies by closely 


rela The"ri C asinf ring is extremely stable chemically, the resins derived 
from its amino derivatives possessing a high degree of heat w*™* 
chemical inertness, and durability. They may be applied 

Truly cold-setting types are not yet available at least in 
Boil-resistant bonds are developed either from melam 
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or from melamine-urea adhesives after curing for a few minutes within 
the range of temperature of 250 to 300°F. The cure temperatures can 
be considerably reduced by allowing longer cure time or by the addition 

of small amounts of acidic catalysts. . . 

One of the outstanding characteristics of melamine-type adhesives 

is the extraordinary long assembling periods that are allowable. Because 
of the inertness of the resins at ordinary temperatures, coated veneers 
may be stored for weeks before pressing without affecting the strength 
of the bond obtained. Another interesting feature is the lack of color 
of the unextended adhesives making them attractive for gluing light- 

colored decorative woods. 

During the few years since their introduction to industry, melamine 
resins have proved to be the most versatile of all types and have already 
invaded the fields of paper, textiles, synthetic coatings, leather, molding, 
and laminating as well as adhesives; \tith lower costs through increased 
production and improved manufacturing technique, they are assured of 
an important place in the plastics industry of the future. 

5. Thermoplastic Types.—Thermoplastic resins, particularly acrylates, 
vinyls, and cellulose derivatives, have been used for many years for a 
number of specialized applications such as pressure adhesive, bonding 
of wood to metals, plastic to plastic, wood to plastic, and other materials. 

Pressure adhesives are permanently tacky materials generally used 
on a fabric, paper, or cellophane base to provide a temporary bond. 
Adhesive tape is the most common application. 

The inherent characteristic of ability to flow under heat is the most 
serious disadvantage of thermoplastic types when used to develop 
permanent bonds by heat and pressure. To develop strength in the 
glue line, the glued assembly must be cooled under pressure, which is a 
time-consuming procedure. Also, the exposure of the glued assembly 
to temperatures approaching the softening point of the resin is liable to 
impair the strength of the bond. 

Thermoplastic adhesives are often marketed as solutions in acetone, 
toluol, or other organic solvents, and the solids content of the solution is 
usually quite low. This presents an additional disadvantage in their 
use, since several applications are frequently required to build up a 
sufficiently heavy glue line and each successive coat has to be dried. 
Because of these adverse features, thermoplastic types have found but 
a limited use for applications such as woodworking glues, although poly¬ 
vinyl formal and acetal are used to some extent particularly in Great 
Britain in the lamination of plywood for aircraft propellers. 

One of the outstanding uses for a thermoplastic resin is in the pro¬ 
duction of laminated safety glass. Polyvinyl butyral is the resin most 
widely used for this application. 
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DURABILITY OF SYNTHETIC RESIN ADHESIVES 

The degree of durability of synthetic resin glues has become within 
recent years the subject of profound study, chiefly because of the increas¬ 
ing use of resins in plywood manufacture and assembly for structural 
application. The rapid-fire production of new types has emphasized 
the need for accelerated tests that would predict within a reasonably 
short period of time the behavior on outdoor exposure to all types of 
weather and service conditions. The Forest Products Laboratory has 
reported on their extensive study of this problem in connection with 
aircraft glues. 1 Three methods of tests were employed: (1) laboratory 
exposure tests of plywood, (2) weathering tests of plywood panels (3) 
exposure tests on laminated beams. The glues used for the three series 

of tests were: 


Plywood Weathering 
Hot-pressed phenol 
Low-temperature phenol 
Hot-set urea 
Cold-set urea 
Casein glues 


Laminated Beams 
Casein 

Cold-set urea 
Low-temperature phenolic 


Laboratory Tests 
Cold-set urea 
Hot-pressed urea 
Modified urea 
Low-temperature phenol 
Hot-pressed phenol 
Melamine adhesive 
Casein adhesive 
Vinyl ester 

The following laboratory tests were conducted: 

# 

1. Continuous soaking in water at room temperature 

2. Continuous exposure to 97 per cent relative humidity at 80 F. 

3. Continuous exposure to 65 per cent relative humidity at 80 F. 

4. Continuous exposure to 20 per cent relative humidity and 158 . 

i - «*■ 

, and 97 per cep. .dative hcidit, pic 

3 weeks at SOT. and 30 per cent relative humidity 

8. Cycles of 16 hr. at SOT. and 65 per cent relative humidity, 8 hr. at t. 

20 per cent relative humidity c-7°ir nvprdrv 

9. Cycles of 16 hr. at SOT. and 65 per cent humidity and 8 hr. at -67 F.o 
ice. 

The conclusions of the laboratory based on these studies were the 
following^ nature of phenolic resins is evident under al | c0 ^ 

^ s t0 ° re8ist the 

conditions of exposure. 
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2. Although less information is available, hot-pressed melamine glues 

appear to be similar to the phenolic resins in durability. _ 

3 All forms of urea-resin glues are generally low in resistance to 

exposure at high humidity at ordinary temperatures and low in durability 
under conditions involving high temperature, especially to combmations 
of high temperatures and high humidity. The effect of high temperature 
is most severe in cold-setting urea resins, decreasing in severity with the 
hot-pressed and modified urea-resin type. Under continuous exposure 
at 158°F., cold-setting urea resin was the least durable glue tested. 
Cold-setting urea resins are more acid than other glues of the urea-resin 
type, and many of them appear to lose appreciable strength over a period 
of 1 year when merely aged at 80°F. and 65 per cent relative humidity. 

4. Casein glue without preservative lacks durability under all condi¬ 
tions of exposure through weathering at relative temperatures and 
humidity about 90 per cent. Casein shows good resistance at high 

temperatures. 

5. Test data limited to a few vinyl esters indicate unsatisfactory 
performance under most conditions of severe exposure. 

They further state that, for aircraft, durability under extremes of 
high and low humidity and in cycles involving high temperature is of 
particular significance. Under aircraft exposure conditions and where 
methods of applying sufficient heat to cure the glue are available, the 
phenolic resins appear to offer the most satisfactory durability charac¬ 
teristics of the glues that have been tested. 

APPLICATION OF SYNTHETIC-RESIN ADHESIVES 
IN PLYWOOD MANUFACTURE AND ASSEMBLY GLUING 

It was stated earlier in the chapter that the existence of the modern 
plywood industry is largely dependent upon the use of synthetic-resin 
adhesives; glue veneers have, however, been in use for centuries, and the 
potential usefulness of wood glued together with the grain at right angles 
has long been realized. It remained for the chemist to develop water- 
and weatherproof adhesives before the practical usefulness of the ply¬ 
woods were fully achieved. 

Timber has two serious disadvantages as a structural material: (1) 
tendency to split readily, parallel with the grain, and (2) swelling or 
shrinkage with humidity changes. By cutting the wood into thin 
veneers and gluing them with the grain of each veneer at right angles to 
its neighbor, plywood is obtained and the two main features of weakness 
of the wood itself are largely overcome. The elimination of the short¬ 
comings of wood by the use of synthetic-resin glued veneers has tremen¬ 
dously increased the value of wood as a structural material. 

Any number of veneers may be used in plywoods, five ply being the 
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most common article of commerce. As the number of plies are increased 
the closer the plywood approaches a condition exhibiting equal strength 
in all directions. 

In the production of veneer, logs are usually soaked for long periods 
of time in boiling water or treated with steam, the length of time for 
complete soak of the wood depending on the size of the logs. When 
thoroughly soaked, the logs are rotated parallel to the cutting knives 
which continuously strip off a sheet of veneer that is cut into the desired 
lengths and dried flat. Rotating veneer machines can be adjusted to 
produce veneers varying in thickness from 0.01 to % in. or thicker if 
required. 

Phenolic resin in the form of Tego film is more widely used than any 
other type of resin for the production of durable plywood. The resin 
film is cut to size, placed between the veneers, and the assembly pressed 
at 250 to 350 p.s.i. between platens heated to 250 to 300°F. Resin- 
bonded plywood for interior usage such as furniture plywood or for packing 
containers can be made with urea-formaldehyde resins, either as supplied 
by the manufacturer or mixed with substantial amounts of flour. In 
applying adhesives of this type, the glue is made up into solution, the 
hardener added, and the veneers coated usually by glue-spreading 
machines by which the proper thickness of glue film is uniformly applied. 

Plywood produced with film glue must be hot pressed, whereas either 
hot or cold pressing may be used with urea-formaldehyde resins. 

Assembly Gluing.—This type of gluing, sometimes described as 
secondary gluing, relates to the joining of parts, frequently, but not 
necessarily, plywood parts, to make a complete assembly. The gluing 
of the booms and other structural members to the plywood skins in 
aircraft is a typical example of assembly gluing. The problems involved 
are obviously quite different from those encountered in the regular hot 
pressing or cold pressing of plywood veneers. Because of diverse shapes 
and complex designs of many of the wood structures involved, hot press¬ 
ing is not simple, and therefore most of the adhesives used in secondary 
gluing are cold set, many of them having been developed specifically for 

this type of application. , 

Frequently in assembly work, considerable time is required for the 

operator to coat the parts, and during this period the glue is exposed to 
the atmosphere and tends to dry out. Likewise, after the parts are 
brought into contact, a further period elapses until the pressure can e 
applied The first period is known as the open assembly time and the 
second, the closed assembly time. These factors are important m 
assembly work and are specified within safe limits by the manufactawr 

after careful tests. The permissible assembly time vanes mde y 
different types of glue and with the gluing temperature. With cold- 
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set ureas the total allowable assembly time is relatively short, usually 
less than 30 min. whereas phenolics and resorcinol resins may have 
assembly periods up to 2 hr. In the case of certain urea melamines and 
melamine-resin adhesives, the coated parts may be stored for weeks 
before pressing and still produce a satisfactory bond under hot-set 

conditions. 

In assembly work, it is often impossible to bring all surfaces into close 
contact, in which case an adhesive capable of bonding across the open 
spaces is required. As we have previously mentioned, adhesives aie 
available for this purpose which will provide nonshrinking glue lines up 

to 20 mils in thickness. 

Spreading before assembly is usually by brush or hand rollers. 

Several methods have been devised for applying pressure to the 
assembly. Screw clamps may be applied with rigid cauls to distribute 
the pressure evenly, but a rubber pad between the caul and the assembly 
is desirable to compensate for the pressure lost during compression of the 
part after the clamps are tightened. Temporary nailing is practicable 
particularly over curved surfaces, serving merely to hold the assembly 
parts until the glue has set. The nails are usually inserted through small 
strips, and the strips can easily be removed after the gluing is completed. 

Several methods of bag molding have been devised which provide a 
means for applying uniform pressure to compound curved surfaces. 
The best known method is the Vidal process in which the assembly is 
inserted into a rubber bag, the covered assembly placed into an auto¬ 
clave, and steam pressure applied. The same process is used for the 
preparation of curved plywood where the veneers are fitted over a male 
form, the entire assembly covered with a rubber bag and pressed in an 
autoclave. 

Various methods of heating can be used: (1) hot platens for flat 
assemblies, (2) kiln or oven heating, (3) heating by high frequency, and 
(4) strip heating. The latter method is the one mainly used for assembly 
work in construction of Mosquito aircraft and plywood gliders in Great 
Britain and Canada. Resistors consisting of thin strips of metal are 
placed in close contact with the assemblies. The degrees of heat applied 
can be accurately controlled by the current used, and the strips, being 
flexible, can be formed to the contour of the curved assemblies. 

The following types of resin glues are applicable to assembly gluing: 

1. Phenolic residues, intermediate set curing range 90 to 200°F. 

2. Cold-set and hot-set urea-formaldehyde resins, range 70 to 200°F. 

3. Melamine-formaldehyde resins, hot set only. 

4. Resorcinol resins, cold set. 

Phenolic resins have.a set time (clamping period) of 24 hr. at 90°F. 
to about 30 or 40 min. at 200°F. 
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Pressing time for cold-set urea glues ranges from 12 hr. at 70°F. to 
13^ to 3 hr. at 100°F., whereas the hot-set type may be clamped for less 
than 10 min. at a temperature of 200°F. 

Melamine resins have extremely short cure time at elevated tempera¬ 
tures but are very slow curing at or below 140°F. 

The resorcinol type will cure at room temperature at approximately 
the same speed as the ureas but have even a shorter working life. 

Other Woodworking Applications.—Special types of glues are some¬ 
times desirable for specific applications such as spiral tube winding and 
edge gluing. Edge gluing refers to the joining of sections of veneers 
along an edge parallel to the grain. It permits the production of large 
sheets of veneer from smaller ones and avoids loss of narrow strips of 
veneer that otherwise could not be used. Much of the work is done 
continuously, two strips of veneer being run through a machine that 
grips each strip and holds the edges together under pressure. The glue 
is applied to each edge, and the joint is heated as it passes through the 
machine. The period during which the joint is under pressure is very 
short so that very fast-setting glues are required. For light-colored 
decorative work, pale-colored glues are desirable. 

In tube winding, it is desirable that the glue be fluid enough to permit 


slippage of the veneers as they are wound. 

One application of resin adhesives that is becoming more and more 
important is the laminating of either small lumber or plywood sections 
to produce beams for structural work. By this method, it is possible to 
produce beams of any desired thickness or length without resorting to 
the use of large timber. The length may be developed by scarf jointing 
shorter pieces. This type of joint is beveled so that the length of the 
scarf is at least twelve times the thickness of the assembly. When 
properly made, the scarf joint is almost as strong as the adjacent solid 


material. , 

Metal Adhesives.—Special types have been developed for gluing meta 

to metal and metal to wood. It is usually necessary to prepare the metal 

surface before gluing either by sanding or pickling, and m some cases the 

use of a primer for the metal is recommended. Adhesives for metal to 

wood have been publicized during the war in connection with aircraft 

and glider construction. Insofar as is known, the really satisfactory 

types all require heat for developing a strong bond. 

Many other applications for adhesives were mentioned in the early 

part of this chapter. Certain of these require the use of adhesive > ma 

rials that will provide an extremely elastic bond as, for examp e, 

cement that must flex and fold noth the finished art,cle ^houUrf 

down. Natural rubber itself was the base of many cements of tbs typ^, 

but it has been found preferable to use several types of vinyl poly 
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with satisfactory results. The durability of 

^Government 8 Specifications for Adhesives.-The importance of syn¬ 
thetic resin glues as tools in the construction of materials is 
stated by the large number of Armed Forces specifications that were 
promulgated during the war, covering adhesives for a wide vane y 

applications. 

The following are the most important of these:__ 


Number 


Department 


Purpose 


Type of glue 
meeting 
requirements 


ANG8. Army-Navy 


14124 . Army Air Corps 


52G11 
G33.. 


Bureau of Ships 
Navy Aeronautical 


DTD484 (Canadian) . Air Forces 


Originally water-re¬ 
sistant glue for air¬ 
craft assembly but 
now obsolete for this 
purpose 

Highly durable glue 
for aircraft assembly 
Plywood assembly 
Durable exterior glue 
for aircraft 
Aircraft-assembly 
glues where surfaces 
may or may not be 
in close contact 


Cold-set urea 


Phenol melamine 
or resorcinol 
Urea cold set 
Phenol or mela¬ 


mine 


Gap-filling urea 


In these specifications, durable exterior glues are differentiated from 
less durable types by the degree of stringency of the test for water resist¬ 
ance. Army Air Forces Specifications require that plywood specimens 
prepared with the glue be subjected to 3 hr. in boiling water and still 
show a sheer strength of 340 p.s.i. Navy Air Specification G33 requires 
that plywood specimens show 80 per cent of the initial dry strength after 
two cycles of soaking in water for 24 hr. at 180°F. and then drying under 
room conditions. Less stringent requirements according to DTD484 
and ANG8 merely require maintenance of strength after cold-water 
soaking. Methods of tests are described in detail in Chap. XX. 

Future Trends in Adhesive Technology.—The widespread use of 
water-resistant and durable adhesives in the plywood industry during 
the war was expected to stimulate public demand for their general use in 
the construction of household furnishings. It is reasonable to suppose 
that the use of veneered furniture that will delaminate under conditions 
of high humidity will no longer be tolerated by a public conscious of the 
availability of modem synthetic adhesives. Therefore, one may look 
for a big demand for synthetic resins from the furniture industry. 
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To reduce further the cost of plywood, there will be a continued 
demand for durable adhesives capable of cold setting at room temperature 
in the manner of the resorcinol types, but available at low cost. 

PART II.—LAMINATED ASSEMBLIES 

Laminated assemblies are made up from layers of paper or fabric 
impregnated with resin and bonded by heat or by pressure and heat. 
They are most versatile in their utility in that assemblies can be made 
comparable in many respects to metals as materials for light construc¬ 
tion yet readily controllable in numerous properties, electrical, mechan¬ 
ical, and decorative, by variations in the nature of the fabric base and 
the resin binder used. When the numerous types of resins available are 
considered together with the wide range of available base fillers such as 
paper, cotton fabric, rayon, nylon fabrics, and glass fiber, the possible 
variations in laminated assemblies are extremely great. Thus, indus¬ 
trial laminates can be made for constructing articles .such as gears, pulley 
w'heels, helmet liners, containers, tubes, light flooring, name plates, and 
a host of similar products. Using properly selected materials, laminates 
with high insulating value can be made for use in electrical applications, 
including insulation for modern high-frequency u'ork where extremely 
low dissipation factors are important. With w'hite, colored, or printed 
fabrics and nonyellowing resin binders, decorative laminates can be 
fabricated that maintain their beauty after years of service. It is thus 
readily understood that laminated assemblies represent an extremely 
interesting and important part of modern plastics technology. 

Probably less has been written in textbooks regarding laminated 
assemblies than on any of the other branches of the plastics industry, 
although current periodicals are filled with articles describing the pro¬ 
duction and application to industry of the numerous specific types of 
laminate. One may discount many glowing descriptions of the plastic 
automobile of the future, since these often lead one to visualize a plastics 
car as a gleaming mass of transparent or translucent plastics parts, pos¬ 
sibly appealing to those who delight in the decorative schemes of modern 
night clubs but of little real utilitarian value. Actually, the use of 
plastics in the form of laminate will undoubtedly play a major part in 
the construction of houses, automobiles, and speedboats of the future 
and may eventually give us a true plastic automobile, although the plastic 
part may not be readily distinguishable from current metal structures. 
Their value will lie in their light weight, their strength to weight ratio, 
ruggedness, and, most important, the ease with which they can be fabn- 
cated into complex shapes in relatively inexpensive manufacturing 
equipment. They possess high impact strength and toughness are not 

subject to corrosion, and have a dampening effect on sound whic 
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will eliminate most of the rattle and drumming sound in cars ot steel 

construction. . „ 

The development of laminated assemblies proved an enormous boon 
to the war effort, alleviating the shortage of light metals and simplifying 
production equipment for thousands of light assemblies. One typica 
example of what has been achieved was the production of bazooka tubes 
from laminated phenolic fabric for firing rockets. Another remarkable 
application is the production of fuel-cell liners from contact laminating 
resins and glass cloth for protecting fuel cells from tearing by the alu¬ 
minum walls of the gasoline tank after damage by bullets or flak. 

Frequently, the properties of laminated assemblies are more depend- 

ent upon the nature of the filler than upon the nature of the resin. For 
example, in certain applications of glass-cloth laminates, the function 
of the resin is to bring into practical application the outstanding proper¬ 
ties of glass fiber such as moisture impermeability, tensile strength, non¬ 
inflammability, low loss factor, electrical properties, and chemical 
inertness. It is, of course, important that the resin chosen as a binder 
should maintain these properties to the highest degree, and the manu¬ 
facturer of laminates is fortunate in that the synthetic-resin industry 
provides him with a range of products adaptable for use with every 

available filler. 

A few years ago, all laminated assemblies were bonded at extremely 
high pressure, usually in excess of 1,000 p.s.i. This required the use ot 
expensive presses and molds and limited the size of the part that could 
be made. Shortage of equipment after Pearl Harbor stimulated research 
in the development of a material that would bond at lower pressures. 
Investigations have proved successful in a spectacular manner, and today 
useful laminated assemblies can be made at practically zero pressure. 

General Types of Laminated Assemblies. High-pressure Type- 
In the production of high-pressure laminates, fabric or paper is passed 
through a bath of a resin solution and the excess resin squeezed out by 
rubber or metal rolls. The solids content of the resin solution and the 
squeeze on the roll are controlled to give the desired resin content in 
the impregnated fabric. Sometimes, the resin is transferred to the cloth 
by a roll that rotates in the bath, and the subsequent squeeze is eliminated; 
in other cases, the process is one of a simple pass through the bath with¬ 
out subsequent squeeze. 

The fabric or paper with resin and solvent is then passed through 
a drier, which operates at a temperature largely dependent upon the 
nature of the resin. During the drying operation, the solvent or water 
is removed and the resin polymerized to a degree where just sufficient 
plasticity still remains for the resin to flow in the subsequent pressing 
operation. Herein lies one of the advantages of high-pressure laminating. 
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By advancing the resin to a high degree, much of the water of condensa¬ 
tion is removed and, therefore, is not liberated in the subsequent pressing 
operation. Absorption of water by the fabric is reduced to a minimum 
the resin binder is more completely cured, and the resulting laminate 
has optimum electrical properties. 

The degree of residual flow in the dried filler is controlled to give a 
material that will behave uniformly in the press. This can be done by 
actual flow tests in which a small assembly is pressed and the weight of 
the flash determined, or a sample can be dried under controlled conditions 
and the weight loss determined. 

For the production of the laminated assembly, a stack of sheets cut 
to the proper size is placed between polished plates and put in a hydraulic 
press at temperatures ranging from 250 to 300°F. or higher, and pressures 
ranging from 1,000 to 2,000 p.s.i. Time of pressing depends on several 
factors, such as, conductivity of the assembly, thickness of assembly, 

and the nature of the resin binder. 

Laminates made at high pressure usually excel in the following 

characteristics: 

1. Beauty of surface for decorative applications 

%/ 

2. Minimum water absorption 

3. Maximum electrical insulation values 

4. Dimensional stability 


Low-pressure Type. —Low-pressure laminating is a comparatively 
recent development. As applied to assemblies using resin binders avail¬ 
able a few years ago, considerable sacrifice was inevitable in many of the 
properties associated with high-pressure laminates. Recent develop¬ 
ments, however, in synthetic-resin technology have reduced the sacrifice 

in properties to a minimum. - 

Resins for low-pressure # laminating should possess a high degree of 

wetability so that the degree of penetration of the paper or fabnc is 

facilitated. This usually requires that the initial resin condensate used 

be of somewhat lower molecular weight than required for high-pressure 


Methods of application and pressing of flat sheets are identical with 
the methods used in high-pressure laminating except that the laminating 

pressures are reduced to 250 p.s.i. or less. One “ 

low-pressure laminating is the applicability of ordinary plywood presses 

to the production of laminates. . . rpsse d 

Since laminating pressures are lower, the resin is necessa y p 
at a lower stage of condensation so that adequate flow is allowed. Currng 

time may. therefore, be longer if the ultimate degree of -»-*** 
same. Another advantage of low-pressure laminating is the abi y 



RESIN-BONDED AND LAMINATED ASSEMBLIES o 

mold large assemblies in relatively complex shapes through the use of 
fluid pressure obtained by bag-molding technique. The size of assemb y 
is then limited only by the economics involved in the size of autoclaves 

that may be built. 

The progressive decrease in pressures applicable to laminating pro¬ 
cedures has practically eliminated essential differences between this type 
of laminating and the so-called contact method. It is in this field that 
the most striking developments in methods have occurred, as shall be 

described in the next section. 

Contact Laminated Assemblies—Most of the resins used in laminating 
until recently were thermosetting condensation polymers. In order to 
avoid excessive liberation in the press of volatile products of the condensa¬ 
tion reaction, it is necessary to heat-treat the impregnated filler to a 
certain extent prior to the pressing operation. This advancement of 
the resin reduces the tendency to flow, and some pressure is required 
to flow the resin in the press to produce a well-bonded assembly. New 
types of resin have been recently introduced to the laminating industry 
which cure entirely by addition polymerization and, therefore, do not 
liberate volatile products of condensation in the press. They are usually 
marketed as liquids varying over a wide range of viscosity. The liquids 
. are 100 per cent reactive and cure to hard solid polymers under the influ¬ 
ence of heat and peroxide catalyst. The liquid resins can be used to 
impregnate fabrics and assemblies and can be cured by placing them in 
an oven with no pressure whatsoever other than that required to hold 
the assembly in place. Air has an inhibiting effect on the cure of some 
types when it becomes necessary to protect the assembly with a sheet of 
cellophane or other sheet material that can be stripped off the cured 
assembly. 

Resins of this type are described as thermosetting copolymers or 
cross-linked polyester resins. The resin or resin components are poly¬ 
functional and cure in three-dimensional structures one of the reactive 
groupings tending to create linear polymers, whereas the other groups 
serve to develop cross linkage. They resemble thermoplastics in that 
they cure by addition polymerization but behave like thermosetting 
materials in that cross linkage develops infusibility and insolubility. 
Allyl esters such as diallyl phthalate are of this type, but many new 
materials of more complex composition have been marketed within the 
past few years (see Chap. XIII). 

Assemblies in curved shapes and of considerable complexity are easily 
fabricated and cured with contact laminating resins, and the size of 
some parts that have already been constructed is far beyond the range 
of possibility with high pressure or with the ordinary types of low-pressure 
resins. 


/ 
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Methods used for fabricating complex assemblies are 

1. Contact assembly over heated mandrels 

2. Contact assembly oven cured 

%/ 

3. Bag molding 


The fabricating of a small tank is an operation that may be performed 
by any one of these methods. In method 1, a collapsible metal mandrel 
is constructed provided with steam for heating. The mandrel is dressed 





-Tank fabricated from cotton fabric and contact laminating resin. (American 

Cyanimid Company.) 


with a suitable parting agent or covered with a sheet of cellophane to 
permit ready removal of the cured assembly. Several methods are 
used to apply the resin to the fabric, depending upon factors such as the 
type of resin used and the resin content desired in the fabric. One 
method is to lay up the cloth and brush the liquid resin onto each layer 
until the assembly is complete. The whole assembly is then covered 
with cellophane and heat is applied. A typical cure cycle is 30 nun. 
at 105°C. for one type of resin. Peroxide catalyst such as lauroyl peroxide 
is dissolved in the liquid resin by stirring at room temperature. After 
the catalyst is added, the resin becomes decidedly less stable so that the 
mix should be used up completely within a period varying from 12 hr. o 
a few days, depending upon the specific resin and amount of catalyst 

used. One per cent peroxide is usually adequate. 
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After the cure is complete, the cellophane cover is removed and the 
mandrel disassembled when a rigid tube is obtained. Ends may be 
glued in place (from dished circles of laminated sheet), the same resin 

being used for the gluing operation. 

Instead of applying heat direct to the mandrel, the complete assembly 


may be placed in a curing oven. 

In bag molding, a wooden mandrel may be used, covered with cello¬ 
phane or other separator to prevent sticking. The impregnated-fabric 
assembly is covered first with cellophane and then with a rubber bag, 
which can be evacuated. Vacuum is applied to the bag, and the wrinkles 
are smoothed out as the rubber is drawn against the laminate. When 
completely evacuated, the assembly is placed in an autoclave and steam 


or steam and pressure applied. 

Many variations of this method have been practiced in industry, the 
best known being the Vidal process. One big advantage in the use of a 
rubber bag is the even distribution of pressure which is developed. 

Glass-cloth Laminates for Structural Applications.—The use of glass- 
cloth laminates for a number of structural applications, mainly in 
aircraft construction, represents one of the most spectacular war develop¬ 
ments in the field of plastics. A series of articles in Modern Plastics 
for May, 1944, covers both the development of glass-reenforced low- 
pressure plastics for aircraft and predictions as to probable postwar 
applications in construction of furniture and other products. 

An airplane fuselage was actually built and flight tested under the 
direction of the AAF at Wright Field, Dayton, Ohio. Glass-cloth reen¬ 
forced polyester resin laminate was used as the essential structural 
material, this representing the most striking use of plastics as a primary 
material of construction yet attempted. A low weight to strength ratio 
is of course the most important consideration in the selection of materials 
for aircraft construction, and the work at Wright Field demonstrated 
that the plastic fuselage was actually stronger than a metal section of 
equal weight. 

Only the essential features of method of construction will be outlined 
here, the details being described in the series of articles mentioned pre¬ 
viously. It has long been known that mechanical stresses are largely 
absorbed by the surface layers of materials of construction. Certain 
glass-cloth laminates, while possessing higher specific tensile and com¬ 
pressive strength than the aluminum alloys used in aircraft construction, 
are relatively low in stiffness factors; however, the stiffness of an assem¬ 
bly can be materially increased through the use of a sandwich construc¬ 
tion in which the core may be lightweight material such as balsa wood 
or foamed resin and the skins composed of the glass-cloth laminate. 
This type of construction was used in the fabrication of the fuselage. 
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EC-112, a lightweight grade of Fiberglas, 0.003 in. in thickness, was 
impregnated with a liquid polyester resin and laid up in five plies on the 
male form of a mandrel shaped in the form of the fuselage and then 
transferred to a female mold. A prefabricated balsa-wood core was 
coated with the same resin and laid in the mokk followed by a further 
five-ply assembly of resin-impregnated glass cloth. The whole assembly 
was then covered with a rubber blanket, the blanket evacuated and cured 
in an oven in a manner similar to that described under the preceding 
section. The fuselage was made in two halves which were finally glued 
together, and the joint was reenforced with an additional strip of glass- 
cloth laminate. 

A discussion of the performance from engineering standards is beyond 
the scope of this book, but destruction tests showed that the strength-to- 
weight ratio was 50 per cent higher than that of an equivalent aluminum 
structure. 

The properties obtainable with glass-cloth resin laminates are of the 
greatest interest to designers for postwar applications. In spite of 
present relatively high cost, future possibilities for civilian use in house¬ 
hold and automotive furnishings, speedboat construction, etc., should not 
be overlooked. It should be remembered that the production of glass 
fiber is a relatively new development; glass itself is an extremely low- 
cost material, and drastic reductions in the price of the fiber may be 
expected. It may eventually be possible to use the unwoven fiber in 
laminating, thereby eliminating the cost of weaving the cloth. 

Typical Laminated Assemblies.—As mentioned previously, a wide 
range of resins and fillers can be used to vary the properties of laminates, 
depending upon the intended application, whether industrial, decorative, 
electrical, or semistructural. The following are some typical filler-resin 
combinations, together with suitable applications: 


Filler 

Resin 

Laminating method 

Applications 

Paner . 

Phenol 

High pressure 

Industrial laminates of 

Paner . 

Melamine 

Low-high pressure 

all types 

Decorative laminates, 

Cotton fabric. 

• 

Phenol 

Low-high pressure 

decorative surfaces 
for table tops, etc. 
Semistructural lami¬ 

Class fabric. 

Melamine 

High pressure 

nates 

Electrical insulating 

Cllass fabric . 

Contact resins 

Contact or low pres¬ 

panels 

Arc-resistant lami¬ 

nates 

Structural parts 



sure 

% 
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Decorative Laminates. —Laminated assemblies are ideally suited to 
decorative applications for home, office, and places of entertainment 
because of the widely varied designs that can be developed by relatively 
simple methods of manufacture. Newer types of resins such as melamine- 
formaldehyde type permit the use of a wide range of colors in both full 
and pastel shades as well as nonyellowing white laminates. These 
l amina tes have hard, extremely scratch-resistant surfaces highly resistant 
to attack by alcohol, dilute acids, and alkalies and are, therefore, ideal 
for table tops in restaurants, bars, and kitchens. 

They can be made in both translucent and opaque forms. The cost 
can be reduced appreciably without sacrifice of serviceability or beauty 
by restricting the use of the relatively expensive melamine-formaldehyde 
resin and decorative high-quality fabric to thq surface sheet, using a core 
of inexpensive laminated stock of phenolic-impregnated kraft paper. 
Beautiful effects can be obtained by using a surface sheet of resin impreg¬ 
nated plywood. 

Decorative laminates are usually sheets of paper or fabric impregnated 
with resin, the surface sheets being printed to obtain the desired decora¬ 
tive effect or composed simply of a heavily pigmented paper sheet. Pres¬ 
sures used are preferably in the high range, but the present-day tendency 
is to reduce the pressure to the range where the assemblies can be pressed 
in plywood presses. 

It is frequently desirable to interpose a plain sheet of white impreg¬ 
nated paper between the decorative sheet and the core to prevent strike¬ 
through of the darker colored core resin. Sometimes a sheet of very 
thin paper impregnated with clear resin is used to cover the decorative 
sheet for additional protection and higher surface luster. 

Translucent laminates are made by using assemblies of alpha cellulose 
paper sheets impregnated with urea or melamine resins, pressed at high 
pressures. These may be used for a wide variety of applications, usually 
to obtain decorative effects based upon diffused light, such as fluorescent 
light shields. 

The manufacture of name plates, aircraft panels, etc., is one important 
application of laminates closely allied to decorative applications, but of 
considerable military importance. The most permanent types are made 
by engraving laminates composed of a core with a surface of an opposing 
color. For example, a black phenolic core is surfaced with white mela¬ 
mine resin, and the lettering is cut through the surface sheet by an engrav¬ 
ing machine so as to expose the black core; conversely, the surface may 
be black -with a white underlayer. For aircraft panels, the core can be 
made to fluoresce under ultraviolet light for ready visibility in the dark. 
Name plates and charts can also be made by impregnating the printed 
sheet and using it as the surface of a laminated assembly; in this case, 
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it is preferable to add an additional sheet of impregnated lightweight 
paper for additional protection. Printing may be done with fluorescent 
pigments designed to fluoresce in different shades under ultraviolet light. 

Plastics almost completely displaced metals in the production of name 
plates and panels during the war. 

Post Formability.—Although thermosetting resins after curing are 
infusible materials, it has been found that they will soften at elevated 
temperatures sufficiently to permit a considerable degree of shaping by 
bending or drawing. A phenolic cloth-base laminate, for example, may 
be heated to a temperature within the range of 250 to 300°F. and then 
shaped by bending over a mandrel or by pressing in a simple die. After 
shaping, the article is allowed to cool. The formed laminate will be 
found to retain the characteristics of the original flat stock. 

Many small parts for air ducts, instrument shields, etc., formerly 
made from sheet metal are readily made by this technique. 

Future Developments—From the foregoing discussion, it is apparent 
that a wide range of valuable properties can be built into laminated 
plastics. Favorable properties obtainable are 

1. Development of complex design by simple fabricating methods 

2. Ease of machinability 

3. Toughness (in comparison with ceramics) 

4. Impact strength (in comparison with other nonmetallic structures) 

5. Low weight in comparison with metals 

6. Sound damping 

7. Electrical insulation 

8. Corrosion resistance 

These properties are obviously of the greatest interest to the engineer 
and designer, so that the use of laminated assemblies in the postwar 
period will unquestionably reach extremely large proportions. Even 
though lightweight aluminum and magnesium alloys will be available 
in large quantities and at favorable costs, the ease of fabrication of parts 
by lamination will constitute a powerful argument for the use of laminates 

in place of the metals. 

Thousands of different assemblies are made from various base reen- 
forcing materials impregnated with one or the other of the many syn¬ 
thetic resins now available. Methods used in production vary m many 
of the details, but conform basically to the few general procedure^* here* 
described. Reference may be made to the numerous articles in plastics 

j ournals for detailed information on specific applications. 
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COMPRESSION AND TRANSFER MOLDING 

PART I.—MOLD OPERATION 

By John Adams 

Bakelite Corporation , Bound Brook, N.J. 

Fundamental Operational Characteristics of the Compression Mold.— 

In a compression mold, the molding is formed in a “cavity,” or “cavities,” 
which must be opened to receive the charge, and which, simply by being 
closed, must serve to force the charge into place without allowing too 
much to escape. In common practice, the charge may be a requisite 
quantity of the molding material in the form in which it is supplied— 
i.e., loose granules, “beads,” chips, scraps of resin-impregnated cord or 
fabric, etc.,:—or, it may be “tableted” or “.preformed”— i.e., it may be 
compressed into a simple tablet or more complicated “preform.” If 
tableted, the tablets* are usually of a cylindrical rectangular or annular 
shape and size having some common use, singly or in multiple, in various 
molds in the molding shop. If preformed, the preforms* may be made 
roughly, in whole or in part, to the shape of the molding to be produced. 
For some molds, complete shaping of the preforms to the mold cavity 
may prove advantageous, and they may be so shaped. Tablets and 
preforms usually are much less dense than the molding will be. What¬ 
ever its form, the charge is likely to occupy more space or different space 
than it will when it is molded. It must be forced into the mold cavity 
by the action of the mold as it closes and be properly compressed while 
any air in it or in the mold cavity is forced out. In a compression 
mold, this must be accomplished simply by closing the mold, upon the 
charge, subject to such regulation of rate of closing as may be possible. 

The successful accomplishment of the operation may be handicapped 
by the fact that the surface of the “force,” which presses the charge into 
the mold, is a surface of the mold cavity and must be shaped accordingly. 
The force cannot be designed merely as a tool with which to force the 
charge into the mold, as its name may seem to imply. In many molds, 
contours of the force, or the extent to which it enters the cavity, may, 
of necessity, make it an ineffective rather than an effective instrument 
with which to press the charge home. Little more can be done through 

The terms “tablets” and “preforms” sometimes are used synonymously, but in 
this discussion they will have the individual meanings given. 
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design to assist the operation than to make the mold “semipositive” 
or “positive” in action, with a good choice as to clearance between 
force and “chase” to prevent too ready escape of charge. Vents also 
can be provided in deep dead-end recesses to permit the escape of air or 
gas which may be trapped there. In a multiple-cavity mold, it is possible, 
that, either owing to lack of precision in the duplication of mold cavities 
or in the weighing of mold charges, all cavities may not receive entirely 
adequate or equivalent charges. Altogether, the proper filling of com¬ 
pression molds, even though it often may seem to be accomplished quite 
readily, is far from ensured by their design. This is increasingly evident 
if we consider the usual characteristics of molding materials at the tem¬ 
peratures at which they customarily are kept in the molding shop or 


storeroom. 


Molding-material Characteristics.—Despite their proper designation 
as plastics, most molding materials are not particularly plastic until 
heated and certainly are much less plastic at room temperature than when 
hot. Molding pressures seldom are adequate to compress or shape them 
very fully while still cold. They vary in bulk. They may vary in 
heat conductivity, but are poor conductors of heat. When warm they 
usually become readily compressible, and when hot they may be any¬ 
thing from barely mobile to almost fluid under applied piessures. They 
may vary in the relative ease with which they move over themselves 
(internal friction) or over mold surfaces (external friction). Thermo¬ 
setting” molding materials, although becoming plastic under heat, 
harden with its continued application as is their merit, and may do so 
at different rates. “Thermoplastic” materials remain plastic under 
heat but lose plasticity as they are cooled to harden them for discharge. 
The rigidity imparted to these materials, respectively, by heat or by 
cooling may vary. Thermoplastics are molded by the “injection 
process much more often than by compression, but any plastic known 


today can. be molded by compression. . „ 

Further Problems of Compression-mold Operations—Because 

material characteristics and the none too direct and effective Mtoiof. 
compression mold upon its charge, any considerable mass of: moMmg 
material, which has been placed in a hot mold to be softened and shaprf, 
may become nonuniformly plastic and may be imperfectly 
That portion of the charge in direct contact with the mold m y 
too plastic before the rest of the charge has been heated enough to soften 
‘t As the mold is closed, some of the fully softened material may be 
forced out without transmitting sufficient pressure to the. tas s 
material to compress it and fill the mold solidly. The fuUy 
material may trap air and volatile matter remaining in the moW ci ,J_ 
or charge bv its early flow into openings or vents through which 
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stances should escape. The softened material that remains in the mold 
simply may envelop a core of unsoftened, still poorly compressed material. 
It also is possible that air may be trapped between fragments of a tableted 
charge, if the tablets do not crush together readily. As a charge is 
forced into its mold, it may flow' in such fashion as to envelop air instead 
of sweeping it out of the cavity. 

Moldings are likely to have adjacent sections of different thickness, 
shape, or direction into w'hich the mold charge must be forced. Their 
intricate designs and the involved designs of the molds in which they are 
produced, together wdth frictional resistance within the mold charge or 
between it and the mold, may make it difficult to transmit applied pres¬ 
sure effectively to all parts of the charge. To complete the molding 
cycle, moldings must be hardened, by reaction if thermosetting or by 
cooling if thermoplastic, to give them the rigidity required for their dis¬ 
charge from the mold. If hardening starts too early in some thinner 
or more quickly heated section of a molding, that too may check proper 
softening and compression of the remainder of the charge. Inability 
for one reason or another to compress some portions to maximum density 
and close the mold may make an otherwise proper charge appear exces¬ 
sive. If such a charge is unwittingly reduced to what appears requisite 
to fill the mold, even lower density and greater faults may be produced 
in those parts of a molding where the charge was slow to soften or was 
not compressed fully. In extreme cases, it is possible that a molding 
produced in a compression mold may become little more than a shell 
through too much charge having been lost or taken aw r ay. Pockets of 
air and volatile matter left in a molding or caught between it and the 
mold may have sufficient pressure and volume to blister, distort, or even 
burst the molding as the mold is opened and it is discharged. Unseen 
faults and strains may be left, which may prove troublesome later. ' 

Examples of Faulty Mold Operation.—Figures la to / show cross 
sections of moldings that illustrate the envelopment of a core of still 
granular material by softened material. They show that the pressure 
from air or gas entrapped wflthin a molding may be sufficient to distort 
or burst it. The moldings shown in Figs, lb and c are of thermoplastic 
material, and the others are of thermosetting material. In some mold¬ 
ings, air or gas pockets may be smaller or more localized and simply 
produce blisters, as shown in Figs. 1$ and h. 

In the mold from which the moldings illustrated in Figs, la to / were 
taken, the force is deeply recessed. The construction of its cavity, which 
is not.conducive to easy molding, is sketched in Fig. 2. Because of the 
deeply recessed force and the “parting” of the mold at the bottom of 
the cavity rather than at the top, there is unusually little chance for air 
to escape from the cavity and allow any charge lying below it to be 
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0 h 
Fig. 1.-Sections of compression moldings in which air or gases have been enveloped 

owing to fusion of the compound at the surface, sealing off the core before that portion of 
compound had become plastic. 
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forced in unopposed. If the mold is hot when loaded and the charge 
is cold and not shaped to fit up into the cavity, trouble may ensue. As 
the mold closes and the charge starts to soften, that portion becoming 


Force 


Flash vent 
/ 

/ Flash 


Chase 



Chase 


Chase 







L and 

Fig. 2. —Cross section of a mold cavity that does not allow easy escape of air or gases. 

plastic against the hot mold surfaces may be forced out of the mold as 
readily or more readily than into the cavity. If the charge is increased 
in an attempt to compensate for flash loss and to fill the cavity, the 
increase also may be forced out, unless 
hardening of the material in the “flash 
vents”* or on the “lands”* prevents closing 
the mold. The added charge then simply 
may remain in the land areas, as illustrated 
by the resultant lugs on the cross section of 
the molding shown in Fig. 3. 

This mold will be used further to illus¬ 
trate the proper operation of compression 
molds because its type permits particularly 
ready demonstration of different degrees of 
improvement that may be achieved by vari¬ 
ous changes in operating procedure. Behav¬ 
iors that have been or will be illustrated are 
characteristic of a vide variety of molding 
materials, as evidenced by the fact that 
materials for the illustrations were chosen quite at random. 

* The nomenclature of mold design has not been thoroughly standardized. The 
sense in which these terms are used here is indicated in Fig. 2. 


Fig. 3. —Excess material in 
mold (Fig. 2) does not eliminate 
envelopment of air but prevents 
complete closing of the mold by 
hardening of material on the 
lands before the core has be¬ 
come plastic. 
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Figure 4a shows the distortion or “doming” of the top of a threaded 
bottle cap, which may occur after the mold is opened and before the cap 
is removed from the force. This distortion is caused by air or volatile 
matter pocketed inside the cap between it and the end of the force. 
Figure 46 shows a like cap in which such distortion was eliminated merely 
by venting this air or gas pocket immediately before or simultaneously 
with the opening of the mold. 

Distortion from without or within not only makes a molding unsat¬ 
isfactory, but also may make it difficult to eject from the mold. It would 




C 

Fig. 4.—Effect of entrapped air in molded bottle caps or radio-tube bases. 


seem impossible for a cup, tapered as shown in Fig. 96, to resist ejection 
except through some actual direct adhesion to the mold. The bottom 
of this cup, however, may be subject to distortion, like the top of the 
cap shown in Fig. 4a, and such distortion will cause the cup to hold 
rather firmly to the “force” inside it when the mold is opened. 

As an example of the resistance to ejection, which may result from 
distortion from within, and of odd behaviors that may be experienced, 
radio-tube bases being molded from unusually hard tablets with a sud¬ 
den application of very high pressure were found difficult to eject. 
When “knocked out,” these tube bases had a peculiar raised band around 
the outside near the bottom, as shown in Fig. 4c. It was concluded an 
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proved that the sudden imperfect crushing of the unusually strong tab¬ 
lets was trapping considerable air between their fragments. Under the 
high pressure applied, this formed a very high-pressure air pocket in 
the thick bottom of the tube base which, pressing hard against the walls 
of the cavity, made the tube base difficult to eject. The resistance to 
ejection was so great that the blister, which otherwise would have formed, 
was flattened in the process. The use of softer, easily crushed tablets 

eliminated the difficulty. 

As another example of what might seem odd behavior, blisters, in 
relatively thin disks molded from granular material in a positive mold, 
which consisted of plain top and bottom plungers confined in an unneces¬ 
sarily high collar or chase, have been eliminated by a very simple expe¬ 
dient. The bottom plunger of the mold was raised so that when the 
loose granular charge was introduced it would be level with the rim of 
the collar rather than well down within it, as it had been. Placing the 
top plunger in position and dropping plungers and charge together into 
the collar simply freed the mold of the air that had been troublesome. 

Operational Aids.—The experiences just cited are illustrations of the 
intangible “tools” whose skillful use makes possible successful operation 
of a very 'wide variety of compression molds. These “tools” are the 
quantity, form, distribution, and temperature of the mold charge, heat, 
pressure, and time. 

Quantity of Mold Charge.—In commercial molding, it usually is 
impractical to measure mold charges to the exact minimum, or to confine 
them closely. For these two reasons, there is always some necessary 
expulsion of surplus or possibly undesired loss of charge from the mold 
cavity. This excess is called flash. The quantity of charge used obvi¬ 
ously should be sufficient to allow for what may be lost from the cavity 
as flash and to produce a molding of proper size and density under proper 
pressure.. A charge can be regarded as definitely adequate only when 
there is flash and the weight of the molding is correct, as calculated from 
its known volume and the true specific gravity of the material. Even 
the use of a charge, which theoretically is quite ample, does not ensure 
that a mold cavity will be filled satisfactorily, as has been illustrated in 
Fig. 3. Also, an apparent surplus of flash does not mean necessarily 
that a charge is adequate and more than sufficient to fill the cavity. 
It may be material that has escaped transfer to the mold cavity or that 
escaped too readily from it. If the correct quantity of charge must be 
determined by trial, rather than calculation, the charge should be 
increased until either the mold does not close so completely as it should 
or the weight of the molding does not increase. If molding results 
remain unsatisfactory after such procedure, however, it should be remem¬ 
bered that neither of these observations is positive evidence that the 
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proper quantity of material has been used, or that the proper quantity 
has been forced into the cavity. If the moldings remain unsound, other 
corrective measures may be necessary to get sufficient material actually 
into the cavity. In a multiple-cavity mold, charges should be held to 
the requisite uniformity to avoid any possibilities that some cavities 
may be overloaded or others underloaded. 

Form of Mold Charge.—For ease of molding and economy of material, 
the mold charge should be in such form as best to ensure that it and the 
mold cavity will be freed of air and that the latter 'will be filled completely. 
In other words, it is preferable that the charge be compressed into a 
tablet or preform before it is placed in the mold and that it fit the cavity 
as well as possible. This is particularly true if the molding material is 
bulky. The use of loose charges may be requisite with some molding 



Fig. 5.—Partial reduction of enveloped air by use of tablets instead of loose granular 

compound: a and c molded from granular material; 6 and d from tablets. 


equipment and for some molding operations may seem advantageous 
because they eliminate what may be viewed as troublesome tableting or 
preforming operations. The use of loose charges, however, introduces 
a maximum of difficulty in placing the charge where it is needed. In 
contrast, tablets or preforms are readily handled. They eliminate much 
or even all of the air from the charge. They can increase the heat con¬ 
ductivity of the material as much as 20 to 40 per cent or more. If 
properly shaped or placed, they greatly assist or anticipate the operation 
of forcing the charge into the cavity. Some mold cavities have insuffi¬ 
cient volume to hold loose charges or are operated in such position as to 


necessitate the use of tablets or preforms. 

Figures 5a and b and Figs. 5c and d show advantages secured by using 

tableted rather than loose charges with samples chosen at random of a 

thermosetting and thermoplastic material, respectively. The molffings 

of the thermosetting material, cross sections of which are shown in ig • 

5a and 6, were produced alike, with one exception For Fig.<" 

charge was loose granular material, and for Fig. 56 the same 
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had been made into tablets 1 in. in diameter and about}^ in. thick. In 
this particular example, reduction in molding time, rather than improve¬ 
ment in quality, made possible by the use of tablets, was determined, 
since neither procedure was particularly well suited to making the mold¬ 
ing entirely sound. With tablets, it was possible to produce an equiva¬ 
lent molding in 20 per cent less time. The same change in procedure 
was made for the thermoplastic moldings, whose cross sections are shown 
in Figs. 5c and d. Here, however, no attempt was made to reduce mold¬ 
ing time, but a slight improvement in the structure of the molding was 

achieved. 

Figures 6a and b show another example of moldings made alike except 
for the use of loose granular and tableted charges, respectively. The 



a b 

Fig. 6.—Improved density in the molding resulting from use of tablets instead of loose 
granules; (a) low density apparent in molding made from granules; (6) full density in mold¬ 
ing made from tablets. 


loose granular charge was bulky and tended to overflow the cavity even 
before pressure was applied. With tablets, the charge was positioned 
well down in the cavity, so that more of the charge was retained and 
the cavity was better filled. 

Figures 7a to e show advantages secured by using preformed rather 
than loose granular charges with the same samples of a thermosetting 
and a thermoplastic material, respectively, as used in the demonstra¬ 
tions of Figs. 5a to d. The preforms were approximately the shape of 
the molded piece but were less dense. The molding made from preformed 
thermosetting material, Avhose cross section is shown in Fig. 7b, was made 
in 30 per cent less time. It is also sounder than the molding of loose 
material, whose cross section is shown in Fig. 7a. With equal time, the 
preformed charge gave a much sounder molding (Fig. 7c). This latter 
was also true of the thermoplastic material (Figs. 7 d and e). With 
denser preforms, results would have been further improved. 

Distribution of Mold Charge.—For ease of molding, the mold charge 
should be placed or distributed to avoid blocking the escape of air from 
the cavity and to meet the needs of different parts of the cavity for mate- 
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rial. Leaving part of the cavity empty and placing the charge toward 
the vents may seal in air and make it difficult, if not impossible, to produce 
moldings free of blisters, which otherwise could be molded satisfactorily. 
Uneven distribution of otherwise adequate charges over large areas 


or reduction of enveloped air by use of preforms made to approximate 
but less dense: a and d molded of loose granules; b, c, and e molded ol 
md; / shows examples of preforms and the corresponding parts molded ol 

Machine Works* Inc.) 

v cavities, or from end to end of long narrow mold cavities 

ncomplete lilling of some areas of a molding, 
re or Condition of the Mold Charge—Before it is placed 
he charge preferably should be brought to a temperature 
;t odll hA fullv nlastic. or at least more nearly plastic, and 
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where it will act as nearly as possible as a uniformly plastic mass. For 
most materials, or possibly all, this is equivalent to saying that mold 
charges preferably should be made uniformly warm or hot all the way 
through, or should be softened in some manner, before they are placed 
in the mold. Such charges will yield more readily and uniformly to 
applied pressure, particularly in hotter molds, and make it possible to 
press them solidly into the cavity. Internal faults are less likely to be 
initiated through faulty compression of the charge; heat conductivity 
will be improved; and, if already warm or hot, less heat will need be 
conducted into the charge. Where premature hardening of some part 
of the charge is liable to check proper compression of the remainder, it 
becomes particularly desirable that the charge be plastic or nearly plastic 
as it goes into the mold cavity so that the least possible time will be lost 
in making it so. 

The use of warm or softened charges can improve molded quality, 
make an apparently impossible operation possible, or greatly accelerate 
the molding operation. A warm, hot, or uniformly plastic charge can 
be pressed solidly and quickly, into a mold cavity, as has been said, 
even though the latter is as hot as it need be to give the charge all the 
heat required and mold it in minimum time. On the other hand, a 
cold unsoftened charge may require unnecessarily time-consuming heating 
and cooling of a mold for either of two reasons: 

1. To conceal faults caused by its incomplete compression in an 
initially hot mold by discharging the molding from the mold after it 
has been cooled. 

2. To achieve more uniform compression of a cold charge by starting 
with the mold at a lower temperature than required to complete the 
molding operation. 

These techniques mil be discussed more fully later. 

Proper prewarming or softening of the charge is possibly the most 
positive and probably the most efficient means to eliminate internal 
faults and make sound moldings. Tableted or preformed mold charges 
can at least be warmed readily in any convenient oven. Loose material 
presents somewhat more of a problem, although it can be heated in an 
oven, particularly if suitable trays are used. Because of the poorer 
heat conductivity of loose material, however, it is better to use specially 
designed equipment such as a heated tumbler which will keep the material 
agitated while bringing it into contact with the heating surfaces. 

Although very desirable, it is difficult actually to soften charges of 
thermosetting materials very thoroughly or uniformly in ovens or with 
ordinary heat. Such materials conduct heat poorly at best and not only 
soften but also react and harden when heated. Hardening may start at 
the surface of a mass being heated before enough heat to soften it has 
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penetrated to its center. To achieve maximum benefits with prewarm- 
ing, the use of fully shaped and compressed preforms, rather than of 
tablets, may prove advantageous since it is less necessary actually to 
soften them. An extremely effective procedure by which mold charges 
may be softened full}' and given heat, particularly with thermosetting 
materials, is to expose them briefly to the action of a high-frequencv 
electrical field. 

Figures 8 a to h illustrate advantages to be gained by prewarming or 
softening the mold charge, particularly when coupled with tahleting or 

r*-' .- • 7" . ..:.: \" . . • .. 
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Fig. 8.—Effect of prewarming of compound on density of compression-molded paits. 

preforming. Except for the temperature or state and form of the charge, 
all the moldings whose cross sections are shown in Figs. 8a to / were pro¬ 
duced alike from the same thermosetting material. All results are com¬ 
pared with the result obtained with a cold loose granular charge (Fig. 8a). 
For Fig. 8b the charge in granular form was prewarmed moderately in an 
oven for 30 min. at 185°F. with the resultant production of a somewhat 
better molding in 30 per cent less time. (This result was approximately 
equivalent to preforming but not prewarming a charge of the same 
material as already illustrated in Fig. 7b.) For Fig. 8c the charge was 
tableted into l-in.-diameter tablets about K hi. thick and modera ey 
prewarmed. The molding time was reduced by 40 per cent vath equiva¬ 
lent results. For Fig. 8e the charge was preformed and moderate!} 
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prewarmed. The molding time again was reduced by 40 per cent, but 
the molding was much better and nearly sound. With a denser preform, 
this molding could have been made entirely sound. For Fig. 8 d the 
charge was tableted and quickly made obviously soft to the touch by 
being placed in a high-frequency electrical field before being placed in the 
mold. With this procedure, the perfectly sound molding shown was pro¬ 
duced in 85 per cent less time. With the charge preformed and made 
quite soft before being placed in the mold, the perfectly sound molding 
shown in Fig. 8/ was produced in 90 per cent less time. The last two 
moldings are surprising examples of reduction in molding time and 
improvement in molded quality. 

Thermoplastic, unlike thermosetting, materials remain soft under heat 
and may be softened completely by any method of heating. The mold¬ 
ings of thermoplastic material shown in Figs. 8 g and h were produced alike 
except that for the latter the charge was heated in an oven until quite 
soft. The possible advantages of making molding materials really plastic 
before attempting to mold them is rather obvious from Figs. 8 d, /, and h. 

Figures 9a to c illustrate effects of initial temperature or treatment 
upon the plasticity of several molding materials. They illustrate some 
possible results that should be allowed for where the mold charge must not 
only be softened but must be kept or made as plastic as possible. Figure 
9a is a chart of flow under pressure versus time for three thermosetting 
materials. Figure 96 shows three cups molded from equal charges of a 
fourth thermosetting material. Each of these materials was introduced 
into its hot test mold (1) after having been left at room temperature, (2) 
after having been warmed moderately (in this particular example for 30 
min. at 185°F.), and (3) after having been made fully and uniformly 
plastic very quickly (obviously quite soft to the touch) by being placed 
in a high-frequency electrical field. 

Although it is not evident from the particular measurements recorded 
in the chart (Fig. 9a), the slow, moderate warming made the material 
more readily compressible when placed in the mold. This is very desira¬ 
ble. The materials were not really softened, and such warming dried 
them and reduced their ultimate plasticity. The two results are more 
evident in the cup molded from material so treated (see middle cup, Fig. 
96). This cup has an imperfect rim but is more dense below the rim than 
is the cup molded from unwarmed material, shoving that the charge had 
been pressed together even though it could not be completely shaped. 

The thorough but rapid softening made the materials definitely plastic 
as they went into the test molds and made the material of the cup and two 
of the three materials of the chart (Fig. 9a) much more plastic. As the 
other material shows, it may not always be possible, however, to heat 
thermosetting materials so as to achieve an actual increase in their plas- 
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ticity. In some circumstances, it may be difficult or impossible to avoid 
either drying them to some extent in the process or carrying them through 
the stage where they have been softened completely into one where they 
have become partly reacted and hardened. Less increase in plasticity 
may be realized also where the temperature of the mold is such as to heat 
even a cold charge and fully soften it before hardening has begun to check 

its plasticity. . . a c 

Figure 9c is a chart similar to Fig. 9a except that it shows the now ot 

four thermoplastic materials. With these materials, the ability of pre¬ 
warming to make mold charges plastic is more evident since even moder¬ 
ate war min g appreciably increased their initial flow or plasticity. The 
extent to which thermoplastic materials will become plastic in a mold may 
or may not be reduced by loss of plasticizer when they are warmed. 

Mold Temperature.—The temperature of a compression mold at 
loading should be such as will best permit the charge to be forced uni¬ 
formly and solidly into its cavity. If the charge has not been prewarmed, 
or previously softened, a low loading temperature may be requisite to per¬ 
mit proper compression of the charge. To load and close a compression 
mold at a low temperature, and then heat it to full molding temperature, 
may, in effect, be equivalent to performing two desirable operations in 
rapid succession in one mold, i.e., to preform or shape the charge at a low 
temperature and then completely to flux and harden it at a high tempera¬ 
ture. The initial mold temperature should be such as will make the 
charge no more than readily compressible. The final temperature should 
be high enough to flux the charge quickly and to harden it quickly if it is 
thermosetting. Insofar as the two operations can be accomplished 
successfully and efficiently, low loading temperatures are very desirable. 
Factors that may lessen their effectiveness or make them impractical, 
however, are that 

% 

1. The mold may not be well designed for a preforming operation and 
some charge that should be pressed into the cavity, as it would be in a 
good preform, may remain on land areas. 

2. It may be impossible to make the charge warm through moder¬ 
ately and quickly as it should to become readily compressible and the 
molding pressure may be inadequate to preform it solidly, while the 
temperature is still low. 

3. The molding operation may be slowed, if the mold has to be 
heated to a much higher temperature or if considerable heat is required 
to fully flux and harden the mold charge. 


Molds loaded and closed, partially or completely, at temperatures 
below those which must be reached in order fully to flux or harden their 
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charges quickly obviously must be heated to such requisite temperatures 
or they must be heated longer to complete the molding operation. 

As has been suggested in earlier discussion, high mold temperature at 
loading, through too sudden softening of surface material or too sudden 
hardening of flash or part of the charge, may cause unsatisfactory flow and 
compression of the charge. Such unfavorable action, however, can be 
prevented, when necessary, by proper tableting, preforming, prewarming 




6 (thermo setting) 

For legend see opposite page. 


softening, or distribution of the charge. If it is prevented, or does not 
need to be prevented, having the mold, when charged, as hot or practically 
as hot as it need be made is advantageous. It will permit very satis¬ 
factory and usually much faster molding than starting with the mold 
cool. High temperatures without prewarmed charges, however, are 
likely to diminish rather than improve the appearance of molded parts. 

With thermoplastic materials, the temperature of the mold as a ru e 
must be lowered prior to discharge in order to give the moldings ngi i y- 
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Lowering the temperature still more or following this practice with 
thermosetting materials is a means further to increase the ngi 1 Y ° • 

molding. Such practice is likely to slow the operation, but it may be 
advantageous where it is desirable to have the molding as rigid as possible 
to avoid distortion in ejecting it from the mold. Greater rigidity also 
may serve to check blisters or other distortion from entrapped air or gas, 



b (thermo plastic) 



c d 

Fig. 10— Effect of mold temperature on the molding characteristics of thermosetting and 

thermoplastic compounds (without preheat). 


but it is better to avoid inclusion of the latter rather than to check their 
effects. 

Figures 10a and 5 illustrate effects of mold temperature upon the flow 
or plasticity of unwarmed thermoplastic and thermosetting mold charges. 
Figure 10a is a chart of measured plasticities for such materials versus the 
temperature of the test mold. Figure 105 shows cups of a thermoplastic 
(upper row) and of a thermosetting material (lower row) molded at 
increasing mold temperatures (from left to right). As might be expected, 
the hotter the mold, the more plastic a thermoplastic material becomes. 
A thermosetting material, however, is most plastic at an intermediate 
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temperature. Because thermosetting materials soften and then harden 
with heat, there mil be intermediate temperatures at which the rate of 
heat transfer in a particular mold mil be such as best to achieve a maxi¬ 
mum softening of the charge before hardening has begun or progressed 
far at the mold surfaces. This is a factor in mold temperature to be 
remembered. 

Figures 10c and d illustrate effects of lowering the temperature of the 
mold to load it. The moldings, cross sections of which are shown, were 
produced alike from loose granular material which was at room tempera¬ 
ture, except that for Fig. 10 d the temperature of the mold at loading and 
discharge was reduced about 20°F. This resulted in a somewhat denser 
or sounder molding. 

Molding Pressure.—The pressure applied to a compression mold 
obviously must be sufficient to close it and force the charge solidly into 
the cavities. Ample pressure usually is desirable, if properly controlled 
and not employed unwisely to force the charge too rapidly before it has 
reached a state where it can be best pressed into the cavity. The more 


Table I.—Recommended Compression-molding Temperatures and Pressures 

for Various Molding Materials 


Thermosetting materials 


Material 


Melamine-formaldehyde 
Phenol-formaldehyde. . . 
Urea-formaldehyde. 


Molding 
temperatures, 
deg. F. 


280-340 

280-360 

280-330 


Molding 

pressures, 

p.s.i. 

1,000-6,000 
3,000-6,500 
1,500-6,000 



Thermoplastic materials 


Material 

Molding 

temperatures, 

Molding 

pressures, 

p.s.i. 


260-390 

500-5 ,000 

v^eiiuiose .. 

/ nnototp hnt.vrate . 

260-370 

500-5,000 

L GllUlOSG UCeicltt/ u utjiai/u . 

280-320 

1 ,000-2,000 

mDtKflPrvlfltP . 

300-360 

1 ,000-3,000 

jVlGtnyi . . . 

275-375 

1 ,000-10,000 


280-320 

1 ,000-2,000 

roiyvmyi uutjxai . 

330-340 

1,000 

xOiyvinyi lihuiilio . 

Tf' nV\1nrirlo nPPtfit.P . 

250-340 

500-2,000 

V inyl cmoriae . . 

220-350 

500-5,000 
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completely air and gases can be expelled from the charge and cavity 
by adequate pressure, the less likely moldings are to have internal 
faults, and the less rigidity they need have to be discharged without 
blisters; hence the more quickly they usually can be discharged, particu¬ 
larly if thermosetting materials are being molded. In general, ample 
pressure improves and accelerates the molding operation. It should be 
remembered that what seems very adequate pressure applied to a mold 
may not be transmitted to all parts of the charge. 



a 



b 

Fig. 11.—Effect of pressure on the molding characteristics of various compounds. 


Figure 11a is typical chart of flow or plasticity values versus applied 
pressure for several molding materials. Some materials become continu¬ 
ously more plastic as pressure increases; some yield very decidedly above 
some moderate pressure and reach a more or less maximum plasticity; 
while others show an apparent limit in the extent to which the mold 
charge can be deformed. Figure 116 shows cross sections of moldings 
illustrating the effect of increasing pressure (from left to right) upon their 
vertical dimensions or thickness. 

Table I shows recommended compression-molding temperatures and 
pressures for various molding materials. 
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Rate of Mold Closing.—Time,* or the rate at which the mold is closed, 
should be used to ease the charge into the cavity as it becomes properly 
plastic. In some molds, too sudden application of pressure will force 
material out of the mold rather than into the cavity or prevent escape of 
air from the cavity and charge. A sudden application of pressure also 
may damage or displace inserts or mold details if they are insufficiently 
strong to -withstand a direct thrust from unsoftened material. In some 
molds, to slow application of pressure will permit thermosetting materials 
to harden, or to harden in certain areas and prevent proper closing and 
filling of the mold. If too much time is wasted before starting to close 
a mold after it has been loaded with a thermosetting material, the charge 
may heat unevenly and the molding, when it is discharged, may be per¬ 
manently warped. Timing must be right. 



Fig. 12 


—Effect of speed of mold closing on quality of molded parts 

materials: a, too fast; 6. too slow; c, proper speed. 


c 

from thermosetting 


Figures 12a to c illustrate effects of too rapid, too slow, and proper rate 

of closing upon molded socket shells. 

Temporary Release of Molding Pressure.— To release the molding 

pressure and partially open the mold following its partial or complete 

closing is another intangible tool used to facilitate the molding opera ion 

It is used as a convenient possible means to avoid trouble from air or 

volatile matter, which may have been trapped, by giving it an opportunity 

to escape It is of limited utility where molds cannot be opened lea y 

or where opening and closing the mold may damage moldings already 

formed. Its effect upon quality may he doubtful‘‘ 18 
that trapped air and gas will escape completely or that faults y 

eSCa FTgm“ltshm^roftwo disks molded of the same transparent 
the—Lg material. The clear half was produced from a carefully 

• Time, or the length of the molding cycle <^TSitS^Ob^ndy'! 

■ 1 r rssss - * **- 

“trmThe molding properly end h.rden it sufficiently for drscherge. 



COMPRESSION AND TRANSFER MOLDING 


355 


prewarmed granular charge, while the other half shows internal faults, 
such as may be created and not eliminated by attempts to permit the 


escape of air or gas entrapped in a cold charge. 

Choice of Molding Procedure.—As regards a complete operating pro¬ 
cedure that should be followed with all compression molds, no one com¬ 


pletely detailed method can be said to be unquestionably the best for all, 
although obviously a largely foolproof procedure is established it all the 
precautions that make for sound operation always are observed. Figures 
5a to d, 7a to c, 9a to //, and 10c and d show that improvement can be 



Fig. 13. —Effect of molding procedure on two disks molded of the same transparent 
thermosetting compound. The clear piece was molded of preheated compound by a cycle of 
time, temperature, and pressure, which avoids enveloped air. The other piece was molded 
without such precautions. 


achieved by single or increasing improvement by coordinated changes 
in the operation of a mold such as that of Fig. 2, although various or 
equally satisfactory methods of operation, which might possibly produce 
perfect moldings in this mold, have not been illustrated. It is evident, 
however, that such a mold may prove to be a difficult mold in which tend¬ 
ency to porosity at the center of the molded piece produced can and must 
be overcome by some departure from simply trying to mold unformed 
charges in a fully heated mold. Many molds are equally or more difficult 
to operate. With such molds, the molder may have to observe all, or 
practically all, the precautions that will ensure as perfect operation as is 
possible. Only a limited choice in operating procedures that are both 
satisfactory and efficient may be permissible. On the other hand, 
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many molds are quite simple and may permit wide choice in procedure 
with a variety of materials. With simple molds it is less requisite to 
observe all the precautions that are sometimes necessary to ensure success. 
Unsatisfactory molding in a simple mold may possibly be corrected by 
some slight change in operation, such as a change from powder to tablets 
(Figs. 6a and b), a change in the rate at which the mold is closed (Figs. 12a 
to c), or a change from a momentary release of molding pressure to free 

gases to prewarming of the mold charge (Fig. 13). 

It cannot be expected that as great gains will be derived from like 
changes to sounder operating technique in molds that are simple and 
difficult to operate. The intangible “tools” or means for the successful 
operation of compression molds, which have been described, should be 
chosen singly or in combination and pursued, to the extent that cir¬ 
cumstances make advisable. With their proper choice and proper 
application, however, molding material of any type* can be molded in 
any mold in which it is desired to mold it, although it does not follow 

that all will be molded with equal facility. 

Effects of Procedure upon Final Properties of Moldings.—So far, the 

discussion of molding technique has been directed to facilitation of the 

molding operation, and little has been said as to how the inherent useful 

properties of the materials may be most fully realized when molded. The 


latter also should be known. . , 

The electrical properties of plastics may be affected detrimental y y 

the presence of unnecessary moisture. Prewarming in an oven is a 

convenient means by which to remove excess moisture from mold charges 

and to improve the electrical quality of moldings to be produced. Very 

substantial improvements in electrical properties can be achieve | by 
such drying. It should be noted that placing a mold charge in a high- 
frequency electrical field may soften it very effectively without drying it. 

foldings shrink upon discharge from the mold and assume dimensio 
somewhat less than dimensions of the cavity in which they were produce! 
Not all materials shrink alike, and a specific material is unhkely to sh, 
equally in all molds. Where the dimensions of a molding m ^ t be ’ 

chffice ffiTstribution of the mold charge and the mold temperature. 

* Molding materials available in a desired type 
chemical and physical properties, may l h occupy in the unmolded 

conditions in effect. Where due regard for these ma P a prefe rred 

" r 22** made but they should not he 

relied upon as an unfailing solution to any moldmg problem. 
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Shrinkages are likely to be lower where the charge is well confined, evenly 
distributed, and more or less simply compressed, and higher where some 
part or parts of it must be forced from where they have been placed to 
where material is needed. Shrinkages are partially checked if the mold 
temperature is lowered before discharge of the moldings and they are 
cooled or partially cooled while still under pressure. Uneven heating 
of a mold charge, such as may occur if it is placed in a hot mold and t ie 
mold is not closed promptly, may cause uneven shrinkage and warpage 

of the molding. 

As regards mechanical strength, moldings may be weaker than they 
otherwise would be if the charge is divided into more than one tablet or 
preform or tablets or preforms are poorly shaped or made too hard. 
Apparently tablets, or preforms, which are very resistant to crushing, 
but which must be crushed and forced into other parts of the mold 
cavity, may be crushed very imperfectly and give poor bonds between 
fragments or with other tablets or preforms. Achievement of the 
inherent strength of materials to maximum degree depends upon proper 
correlation of the various molding factors, but at present no simple 
rules are known by which invariably best choices can be made from the 
many combinations possible. 

Operation of Transfer Molds.—For brevity of discussion, transfer 
molds may be described as compression molds in which the charge 
is placed in an added charging chamber called the “pot,” the charge 
being forced from it through small connecting passageways into the actual 
cavities that form the molding and which remain closed during the opera¬ 
tion. This type of mold is of even more particular utility in molding 
thermosetting rather than thermoplastic materials, but otherwise many 
of the principles that must be observed for the successful operation of 
compression molds apply equally to transfer molds. 

The pots provide a more consistently effective and positive means of 
applying pressure to the charge, but additional pressure may be required 

to overcome resistance in the “sprues,” “runners,” and “gates,” the small 

§ 

passageways or openings through which the charge must pass into the 
actual cavity. The probability of carrying air into the cavity with the 
charge is lessened, since it may be worked out en route, but the possibility 
of enveloping or enfolding air in the cavity remains or even is increased 
unless the cavity is well vented. The probability that some hardening 
of the charge may check complete filling of the cavity is likely to be 
increased. In transfer molds, it is particularly desirable that the charge 
be softened before it is placed in the mold. The pot should be operated 
at a temperature and pressure to ensure delivery of somewhat more than 
sufficient thoroughly softened material to the cavities. The cavities 
should be at a temperature to ensure quick, but not premature, hardening 
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of the charge. Skillful timing to so close the mold as to ease the charge 
into the cavity, or to avoid damage to inserts or weak mold parts, is less 
necessary with a transfer mold than ’with a compression mold. The 
charge cannot escape readily from the pot, the pot is sturdy, and the 
charge enters the cavity only after it has been softened. 

PART n—CONTEMPORARY MOLDING PRACTICE 

By J. H. DuBois 
Shaw Insulator Co., Irvington , N . J. 

Molders of plastic materials have developed a variety of mold types 
to produce molded products in the many shapes and sizes demanded by 
industry. Much of the original molding technique and the compression¬ 
molding process was adopted from the traditional methods used for the 
molding of rubber compounds. 

Hydraulic presses as shown in Fig. 14 are extensively used for the 
operation of compression and transfer molds; other presses frequently 
used are operated by air pressure or toggle mechanisms. Some molding- 
plant installations make use of central accumulator systems for their 
source of hydraulic power, while others have presses each with its own 
self-contained hydraulic power system. Centralized accumulator sys¬ 
tems are often uneconomical for small installations. 

Molds are heated by means of gas, steam, electricity, or hot water. 
Cartridge units with thermostatic control may be inserted in drilled 
holes in the molds for electrical heating. Most molding plants use steam. 
The molds may have internal channels for the circulation of steam around 
the cavities. These “steam channels” are connected to the steam lines 
by means of flexible tubing. In some cases, the molds are heated 
indirectly by conduction from heated press platens. Molds must be 
designed with careful consideration for these heating channels to ensure 
uniform and adequate mold temperatures. In some cases, the molds are 
heated by gas flames applied directly to the mold chase. Gas heating 
is the least desirable method because of its more difficult temperature 

control. 

Molding of plastic materials of the thermosetting type is achieved by 
a series of operations. In many cases, these steps may all be happening 
at the same time. The desired volume of plastic compound must be 
placed in the mold in an easily handled state. It must be brought up o 
molding temperature, compressed, and caused to flow and reach a fiui 
state of uniform density in the mold cavity. Entrapped gasses and any 
excess charge must be permitted to escape. The plastics material form¬ 
ing the molded piece must then be held in the mold under heat and pres¬ 
sure for the length of time needed to advance the cure of the compound 
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sufficiently to permit removal of the part without any subsequen c s- 
tortion that would affect the usefulness of the molded piece. In some 
cases the material is tableted or preformed to a compact shape of known 
weight that may be loaded easily in the mold. The compound may also be 
heated before it is introduced, and some of the cure may be accomplishec 
by a baking operation after the part has been removed from the mold. 



Fig. 14.—Hydraulic press used for compression and transfer molding: A, infrared lamps 
for preheating; B, transfer plunger; C, floating plate for transfer chamber; D, steam lines; 
E, valve lever; F, auxiliary cylinder to pull side core pins. (Shaw Insulator Company , 
Irvington , N. J.) 


In the transfer-molding process, all these operations are performed natu¬ 
rally in sequence as a result of the mold design. The compound is brought 
to the plastic state in a chamber connecting with the mold cavities as 
heat and pressure are applied to increase the plasticity and cause it to 
flow into the cavities in which it is held under pressure while the com¬ 
pound hardens. The entrapped gas is permitted to escape through vents 
in the mold during the period of flow. 

A series of general names are used to describe the basic classes of 
molds. These general classes may be described as follows: 
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Compression molding is the name applied to the molding system in 
which the compound is loaded in the open mold cavity space and then 
plasticized by heat and pressure as the closing pressure is applied. 

The compression-mold types are subdivided into other classes to 
indicate the method used in their operation. Hand molds are removed 
from the presses for disassembly to permit removal of the part and the 
loading of the new charge. Semiautomatic molds are bolted in the press 



Fig. 15.—Fully automatic molding 
machine used for the thermosetting ma¬ 
terials. (F. J• Stokes Machine Co., Phila¬ 
delphia.) 


so that the molds are opened and 
closed by the press operation. 
Automatic molds are used in auto¬ 
matic presses, which perform all 
operations without the aid of an 
operator, the press being operated 

by a master timer that controls 

$ 

the various mechanisms provided 
for loading, ejection, etc. An auto¬ 
matic press is shown in Fig. 15. 

The foregoing general mold 
types may also be given additional 
descriptive names that further 
classify them in accordance with 
their special construction features. 
Such features are concerned pri¬ 
marily with compression molds and 
the method of 1 ‘sealing off” the 
charge in the cavity as the mold 
closes to ensure proper density. 
Other construction features include 
cavity arrangement, knockout fea¬ 
tures, and means for removal of the 
part from the cavity. The parting¬ 
line construction for transfer and 


injection molds generally follows that of a flash-type mold. 

The flash-type mold is commonly used for compression molding of 

simple parts. It is designed so that the excess molding compound is 
permitted to escape most easily from the cavity as the pressure is applied. 
The depth of the mold cavity plus the thickness of the flash governs the 
depth of the finished molded piece. As the mold closes in Fig. 16, the 
excess compound passes over the land area B to escape. Lands are 
usually about ty in. in width, depending upon the size of the molded part 
The land serves as a bearing area when the mold is closed, and it provi 
the total flow resistance as the material tends to escape. In many cases 
molds of this type, when used for compression molding, do not coniine tne 
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material sufficiently to obtain full density such as is desired for particular 
jobs. 

The horizontal flash, which extends over the land area, may be very 
thick when the mold is closed slowly or when the cloth-filled materials 
are used. This results in a considerable variation in the thickness of the 
molded part. Fast closing will result in excessive material loss from the 
cavity, and the low-density parts so produced will not have adequate 
electrical, mechanical, or chemical strength for many jobs. The rate of 
closing is very important, it must not be too fast or too slow. The 
actual presure exerted on the material is governed by the quality of the 
“sealing off from escape” as the press closes, and this is dependent on 
the ability of the operator to close the press at the right speed so that 
the charge vail be retained in the cavity. 


Land - - - 


Fig. 16.—Flash-type mold. 

Flash-type molds are inexpensive, and since the cavities are shallow, 
they are easily loaded with inserts Molds of this type are very satis¬ 
factory for many small pieces where high-density standards are not 
essential to the satisfactory performance of the part. Such molds must 
depend on the guide pins for alignment of the plunger and the cavity; 
this introduces variations that prevent the maintenance of strictly uniform 
wall thickness. Flash-type molds may be loaded very quickly and easily 
with pills or preforms. When adequate loading space is available, 
loading boards discharging the proper amount of powder will be very 
satisfactory. 

The positive mold makes use of a plunger that compresses the com¬ 
pound at the bottom of the cavity as shown in Fig. 17. This mold 
permits very little escape of material, and all the pressure is maintained 
on the compound during the molding cycle. The charge must be weighed 
very accurately if the thickness of the piece is to be controlled. Molds of 
this type are often used for urea compounds, the high-impact materials, 
and for parts having a long draw. The fin line formed on the molded 
piece is vertical and generally easily removed. As a general rule, molds 
of this type and transfer molds are preferred for the molding of the fabric- 
filled materials, since this construction, with proper operation, makes it 
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possible to obtain full density and maximum strength in the molded piece. 
The positive mold is sometimes used for the melamine compounds. 

Positive molds are not often used for the other materials, since there 
are several disadvantages that result from this mold construction. 
Multiple-cavity positive molds do not permit any variation in the weight 
of the charge, and this necessitates very accurate weight of the load placed 
in each cavity. Since the cavity section rises vertically with no setback, 



Fig. 17.—Positive mold. 


the molded piece drags on the side wall during its removal from the 
cavity. That portion of the cavity which is in contact with the plunger 
may become scored so that the molded piece will be disfigured as it drags 

past this roughened or scored area. 

Figure 18 illustrates the action of a semipositive mold. It will be 
noted that during the downward motion of the plunger the material is 
not confined and can escape easily until the corners at Z pass. This 
serves to cut off the escape of additional compound, and the mold becomes 



Fig. 18.—Semipositive mold. 


a positive mold during the final travel through the distance L. This 
mold, therefore, eliminates the necessity for closely weighed charges an 

still gives many of the benefits of positive-mold operation. _ 

Molds of this type are often used to make sure that deep P^ce 
parts with heavy sections at the end of a deep piece are GOed art 
factorily. The semipositive mold will do a fairly satisfactory ] 
parts that have heavy and light sections combined m one piece Mo 
of this type will produce well-finished parts with some of the impac 
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materials, since the improved density brings the resin to the surfa ^ 
This mold type is also used for the melamine and urea compounds as an 
alternative to the transfer mold, for it is generally possible by this method 
to hold these materials under heat and pressure for the required period 


Transfer molding is the name applied to identify the method an 
apparatus for molding thermosetting materials whereby the compound 
is subjected to heat and pressure in a separate chamber and then forced 
into the closed mold cavity by this same pressure and held there under 
additional heat and pressure until curing is complete. In this process, 
the compound is plasticized by heat and pressure, before being caused to 


flow into the mold cavity. 

A variety of types of transfer 
molds are used. Each type has 
special features that recommend 
its use for specific types of work. 
The operation of a common type 
of transfer mold may be explained 
by reference to Fig. 19. 

The heated transfer chamber 
(2) is loaded with compound, and 
it is compressed by the plunger 
(1). The heat and pressure thus 
applied plasticizes the compound 
so that it flows through the sprue 
bushing (3) into the cavity form¬ 
ing the molded piece (6). 



1, plunger; 2, transfer chamber; 3, sprue; 
4, cavity plate; 5, cavity; 6, molded part; 
and 7, force. 


This molding method offers many economies, and when combined with 
suitable preheating equipment, maximum production efficiency is 
obtainable for many classes of work. Other economies make transfer 
molding very attractive for many molding jobs. Transfer molding is 
also indicated when the molded piece introduces any of the following 


design complications. 

1. Delicate and complicated inserts may be used. 

2. Intricate sections and complex side cores may be included. 

3. Small holes may be molded to greater depth without frequent 
mold-pin breakage. 

4. Maximum strength and uniform density are obtainable. 

5. Closer dimensional control is obtainable, especially in the direc¬ 
tion of mold closing since there is no variable in the parting-line 
thickness. 

6. Molded pieces require reduced finishing expense; this is especially 
noticeable when the cloth-filled materials are used. 
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Tablets, preforms, or “pills” are widely used for loading convenience 
These are often produced automatically in a preforming press as shown 
in Fig. 20. Some of the large tablets are made in conventional hydraulic 
presses with three station dies; one station for loading, one for compres¬ 
sion, and one for knock out from the die. The fabric-filled materials are 
generally preformed in this manner. The dies used for making tablets 
and preforms are not heated in most cases. 



Fio. 20.—Preform machine for making preforms from loose granular molding compound 

Molding compounds are often preheated prior to molding. The 

preheating serves to remove moisture, speed up the molding cycle, 

provide better flow and minimize flow lines, reduce mold abuse resulting 

from localized stresses, minimize aftershrinkage, and permit the use of 

very stiff materials. Stiff materials are advantageous since they cure 
% 

rapidly and have better appearance. 

Materials that are to be preheated by means of high-frequency 
energy as shown in Fig. 21 should be dried prior to preheating since 
the fast high-frequency heating cycle does not remove much moisture 
Steam plates, ovens, rotary preheaters, infrared lamps, steam-]ackete 
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tubes, and high-frequency units are used for preheating plastics com¬ 
pounds. A typical rotary preheater is shown in Fig. 22, and infrared 
lamps are shown in Fig. 14. The urea compounds are commonly pre¬ 
heated at 170°F., whereas the phenolic compounds may be preheated at 
temperatures ranging from 150 to 250°F. Low preheat temperatures for- 
drying are commonly applied for periods as long as several hours, while 
the high temperatures must be applied very quickly. r l he high-fre¬ 
quency preheating apparatus heats the material almost instantaneously 
and is very effective for large masses of the rag-filled compounds. 



Fig. 21.—High-frequency preheating unit as used for thermosetting compounds. The 
tablets of phenolic compound are shown in place ready for the heating cycle: A, molded 
piece; B, safety gate; C, oven; D, tablets. (Diemolding Corporation, Canostota , N. Y .) 


Cooling and shrink fixtures are often used with compression and 
transfer molding. These fixtures serve to control dimensions, warpage, 
and shrinkage after molding by holding the piece to the required dimen¬ 
sion until it becomes cold and rigid. Toggle clamps, weights, and screw 
clamps are often used to hold the parts in these fixtures. The shrink 
fixtures are generally designed to clamp to a fixed portion of the molded 
piece and allow for the movement of the part up to a predetermined stop 
point as cooling and shrinkage occurs. 

Afterbaking ovens are also used for baking plastic pieces after molding. 
This baking serves to advance shrinkage, minimize internal stresses, and 
reduce subsequent warpage. Parts that are to be machined to close 
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dimensional tolerances after molding are frequently given this after¬ 
baking operation to minimize subsequent dimensional change. The 
advantages of afterbaking are largely dependent upon whether or not 
service conditions for the article mil be dry. 
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1 icj 22.—Rotary preheater used for melamine compound. The comp ^ m the 

cans, which rotate in the heating space. Steam coils provide the heat. 

FINISHING OF PLASTICS PARTS 

Molded products require a variety of finishing operations Flash 
fins, and gates must be removed, unmoldable holes must be drilled an 
sometimes tapped. A typical drilling operation is shown in Fig.SB. 
Chose dimensions are often machined and other external operations 
performed. The finishing problem must be studied in connection mth 

the product design to ensure minimum cost. In many cases jh 

finishing labor exceeds the molding labor, and poorly designed pieces o 

molds may result in excessive part costs. . . , 

Flash and fins are often removed by tumbling the p.eces 
other objeets that will be effective. Many pieces are ^ ,act ° t J 
finished by this method, especially when good molds aie u 

the flash and fin lines are reduced to a minimum, ft m y Thc 

to “ knife ” or file the flash lines of some parts to cut away the ttas . 
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cloth-filled materials often lie on the land areas of compression molds, 
preventing complete closing of the molds and producing a heavy flash 
along the parting fine. This flash must be cut away with a knife. Irreg¬ 
ular parting lines are often filed for the removal of flash. Sand belts are 
extensively used for flash removal; grinding wheels are also used effec¬ 
tively for many applications. 





Fig. 23.—Drilling holes in a molded piece. The piece is held in a drill jig 


Buffing is often used to restore the luster on a molded part after the 
filing operation; the buffing compounds will cut away the file marks, 
leaving a smooth surface and good polish. Buffed finishes are expensive, 
impair physical properties, and should be avoided if at all possible. The 
best finish for a molded part is that imparted by a nicely finished chrome- 
plated transfer mold. Since the mold halves are closed before the 
material is introduced, the fin is only a slight resin film and the parting 
line becomes a line without dimension. 

The fin lines that form where mold pins butt against other mold 
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surfaces must often be removed. In some cases, fins in these holes 
may be removed during the final part assembly at no extra cost. In 
other cases, these fins must be removed by the molder. Drills, burrs 
rattail files, and punching dies are used for this purpose. Punching 
dies and multiple-spindle drills are very economical when the part has 
several or irregularly shaped holes that must be cleaned. 

The thermosetting materials may be machined with common machine 
tools, but they are very abrasive. Gates are often removed by a sawing 
or milling operation. Diamond-cutting wheels are most desirable since 
they leave a smooth cut surface. Reaming should not be attempted in 
production, since tool life will be very short. Chrome-plated or tungsten 
carbide alloy tipped tools should be used for all machining operations 
for best economy and uniformity. When very close tolerances are being 
held in the finishing operations, the molded pieces should be annealed by 
means of a baking operation before machining to ensure maximum 
dimensional stability. 

Depressed letters and lines are often painted after molding. Spray 
masks are used during the paint applications and the excess removed by 
buffing after the paint has hardened. Special machines, inks, and proc¬ 
esses have been developed for printing and stamping the thermosetting 
materials, and these processes should be investigated for best economy. 

A variety of excellent adhesives are available for the cementing of 
the thermosetting materials. Shrink fits are also used where it is desira¬ 
ble to enclose one part within another. All types of cemented and 
“shrink-fitted” joints must be tested carefully since they are not always 

done easily. 
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CHAPTER XIX 


INJECTION MOLDING AND EXTRUSION 

By Ernest W. Halbach 
President, The Bolta Company, Lawrence, Mass. 

Injection molding, primarily used for cold-setting materials (thermo¬ 
plastic), is a process whereby a granular material is softened by applica¬ 
tion of heat in a special chamber. It is then forced under pressure into 
a closed mold where it is cooled into its final shape. This process is a 
development originating in the die-casting machine. In the years before 
the Revolutionary War, a number of inventions and patents were made 
for casting bullets. In 1838, Bruce invented the first machine for casting 



I'ig. 1 . Sectional view showing the general method of injection molding. (Tennessee 

Eastman Corporation.) 


type. In 1872, a hand-operated machine was patented. Otto Mer- 
genthaler, in 1885, invented the linotype machine, which is still used 
today for casting type in a solid line. 

The first pneumatic die-casting machine was patented in 1907 by 
Van Wagner. Since that time, numerous advances have been made in 
this field, until today a number of companies are producing the die-cast¬ 
ing machine. Some of these companies manufacture injection machines 
as an allied fine. 

One of the first injection-molding machines was the Isoma, developed 

in Germany and introduced in this country in the early 1930’s. Due to 

limited types of molding materials available, the development of the 

machine was very slow at first. As the materials improved, the machines 
likewise improved. 
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Fig. 2 


The first American automatic injection molding machine was put into operation in 

1930. (Photo courtesy of the Grotelite Company.) 
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Injection-molding machine with manual clamping and hydraulic taM~ 
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The first American automatic injection-molding machine was put into 
operation by the Grotelite Company by the end of 1930. The movement 
of the slides and the injection plunger were pneumatically operated. The 
valves for controlling the air cylinders were actuated by cams on revolving 


drums, which were motor-driven through a reduction gear. 

In 1934, a press was introduced in which the mold was closed manually 
and the material forced into the mold by oil hydraulic injection units. 



Fig. 4. —Injection-molding machine with hydraulic operation of both clamping and injection 

—1935. (Hydraulic Press Manufacture Company.) 


In 1935, a machine was developed in which both injection and clamping 
were done hydraulically. Shortly after this time, a machine was intro¬ 
duced in which the molds were clamped by a combination of hydraulic 
and mechanical means, and the injection of material was made hydrauli¬ 
cally. These were all horizontal machines in which the die platens were 
located vertically and the clamping and injection units were horizontal. 

About this time, some floor space was saved by introducing a machine 
in which the injection unit was vertical and the mold closing unit was 
horizontal. Machine capacity, by this time, had been increased from 
the original % oz. to a maximum of 8 oz. When this weight had been 



372 


FUNDAMENTALS OF PLASTICS 



S* if • 'it*. . 

,>**3! .vii 

Fig. 5.—Injection-molding machine with hydraulic-operated toggle mechanism for clamping 

and direct hydraulic injection ( Reed-Prentice Corporation.) 


Fig. 



igular design of injection-molding machine to save 

don system and horizontal clamping mechamsm. ( Lester-Phnemx . 
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reached, it was considered, by a number of companies, to be the maximum 
capacity possible to inject from one cylinder. This limitation was ovei- 
come by making a vertical machine having four individual heating units, 
each of 8 oz. capacity, injecting simultaneously. Thus, a total capacity of 
32 oz. was possible. Upon further research by the manufacturers, 16 oz., 
and later 22 oz., capacity, was reached. At the present time, shots as high 
as 24 and 32 oz., from one chamber, are entirely possible. Considerable 
development work is being done by various manufacturers to raise this 
weight limitation. One concern is now working with a cylinder in which 
a rotating screw is substituted for the intermittent plunger operation, 



Fig. 7.—Recent developments have resulted in injection-molding machines to handle shots 
from 16 to 24 oz. from a single heating chamber. {Reed-Prentice Corporation.) 


thereby attempting to overcome the limitation offered by the present 
system. New developments, both in machines and materials, promise 
to open a wide field in the near future. 


MOLDING EQUIPMENT 

At the present time, there are two principal designs, viz., horizontal 
and vertical types. The horizontal press, the original machine, operates 
in a horizontal position. The molds are mounted between vertical die 
platens, opening horizontally. The vertical press is similar to the com¬ 
pression press in appearance and operation. Each type has its own 
advantage, in accordance with the type of work performed. The 
horizontal press is more readily adjustable. It can be run fully automatic 
because the work drops out of the mold free of the press. The vertical- 
type press is better adapted for use where inserts must be mounted in the 
mold. 

These two types of machines could be further divided into three maj or 
groups in accordance with their method of operation. First, there is the 
full mechanical type in which operation of the molds and the injection 
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of material are done by means of links. The second group is the fully 
hydraulic type. They hydraulically operate the opening and closing of 
molds and the injection of the material. The third group is a combina¬ 
tion of the mechanical and hydraulic. The injection of the material is 
accomplished hydraulically, but the opening and closing of the molds is 
accomplished by means of links operated by hydraulic units. 

The injection-molding machine is entirely self-contained. The only 
connections to the machine are electric wiring for heat and power and 
piping for cooling the mold, oil, and plunger. 

There are at present many machines on the market that offer some 
particular feature or features, which the manufacturer believes superior to 
others. 


ADVANTAGES OF INJECTION MOLDING 


Molding by injection offers a number of advantages over compression 
for thermoplastic material. The greatest is in the speed of production. 
In compression molding, the mass of steel comprising the mold must first 
be heated to temperature. Then, cold material is placed in the mold. 
The mold is closed until the material becomes plastic enough to flow and 
properly fill the cavity. Next, the mold is chilled until the work is cool 
enough to hold its shape upon ejection. By the injection process, the 
material is heated outside of the mold and then forced into the cavities 
that are already cooled. The time consumed is only the time necessary 
to inject and cool the material and to eject the finished product. A com¬ 
parable example follows: 

A four-cavity injection mold, operating on a 15-sec. cycle, would pro¬ 
duce 48 pieces in 3 min. Just one of these pieces, if compression molded, 
would require approximately 3 min. and would make necessary a 48- 
cavity mold to equal this same production. The difference in cycle 
represents a saving in time, labor, and a considerable saving in original 
mold cost. Time is also saved in setting up the mold, as an injection 
mold, being smaller, is easier to handle. The injection-molding process 
utilizes an automatic proportional feed that adjusts the amount of feed 
to the article. No hand labor is utilized in filling the mold. 

The operation of the machine lends itself readily to molding with 
removable cores and for making complicated sections. Inserts can be 
covered more readily and with less difficulty than by compression 


molding. „ , . 

Material cost is lessened due to the fact that there are no fins to be 
removed. The material is reusable. Sprues and runners can be ground 
and put back into the machine. In some cases, if these are small, tney 

can be returned directly to the machine without regrinding. 

Finishing methods are also greatly reduced. There is no flas 
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to be removed. Only a small gate must be finished. As this is kept 
relatively small, it can be very easily removed by clipping or grinding. 

PRINCIPLES OF INJECTION MOLDING 

Construction of Injection Machine.—The injection-molding machine, 
although actually assembled as a single unit, can really be considered as 

three separate units. 

1 Machine proper, in which the processing of the materials takes 
place from the time material is placed in the hopper until the finished 

piece is ejected. 

2. Electrical control system, consisting of electric timers that control 
the sequence and time of operation for the hydraulic valves. Generally 
included in this group are the heat controls for the injection chamber. 

3. Hydraulic unit, consisting of a pump supplying oil under pressure 
to two directional control valves called four-way valves. Operation ot 
one valve causes the mold to close. The second valve causes the plunger 
to inject material into the mold. By reversing the valves, the injection 
plunger is retracted and the mold is opened. The four-way valves are 
remotely controlled by a pilot or secondary hydraulic valve that controls 
pressure to the valve spool ends of the main valve and, thus, changes the 
direction of the main circuit. The pilot valves are shifted by means of 
solenoids, for full or semiautomatic operation, or by the operator for 
hand control. 

At present, one company is dividing the machine into such units, the 
machine proper being mounted in the desired location. The hydraulic 
unit is then mounted either at the rear or on the floor below, and the 
electrical unit is mounted on a wall or post. 

Feed.—Feeding of material is accomplished by two means: 

1. Forced Feed, by which material is forced into a chamber by means of 
a screw. 

2. Gravity Feed, by which material is allowed to drop into chamber 
after measuring. 

Material is fed from a hopper into a feed chute by the forward motion 
of the injection piston. The retraction of the piston causes the material 
to leave the feed chute and enter the heating chamber. The amount 
of feed is adjustable. 

Feed must be uniform and of proper quantity, if good results are to be 
obtained. If the feed is not sufficient, the mold will not fill. If the 
quantity is too much, the mold will either flash or the machine will gradu¬ 
ally choke up. Most machines are automatically proportioned to regu¬ 
late the output of material to the chamber by the amount of the piston 
travel. Feed should be regulated so that the plunger will travel to within 
approximately % in. of the same stroke every time. 
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Heat.—The proper temperature for the material being injected must 
be held constant. Molding temperature for a certain item can be 
determined only by experience, as temperatures vary with the type and 
flow of the material. The length of time for the over-all cycle and the 
amount of pressure on the material also have a direct bearing on the 
amount of heat. 

The temperature of the heating cylinder is hotter than the material. 
For this reason, the material must be kept moving through the chamber 
continually. Otherwise, the heat of the material will rise and, as most 
injection materials decompose with high temperatures, would result in 
burning of material. 

Various materials differ in the amount of heat that they can stand and 
in their flowing temperature. Materials that have a low differential 
between flowing temperature and critical temperature must be watched 
much more closely than materials that have a big differential. The 
best practice is to keep the heat as low as possible and still maintain 
satisfactory quality. If the temperature is too low, weld lines and a weak 
article will result. There are various ways of controlling the heat. 
Thermocouples and pyrometers are the most common. In most cases, 
the pyrometers actuate an automatic control to regulate the temperature 

and keep it constant. 

Chambers are heated by electricity or circulating fluid. Electrical 
heating is accomplished by means of resistance bands or by induction 
coils. Circulating fluids, generally oil, are electrically heated and circu¬ 
lated by means of a pump to coils around the heating cylinder. Steam 
is not generally used, as for ordinary pressures, the temperature is not 


g To prevent burning in the chamber, it is necessary that the chamber 
be constructed so that there are no pockets or cracks to catch the matenal. 
As most molding materials have a high specific heat and are poor con¬ 
ductors of heat, it is necessary to have the actual heatingsedono 
chamber present a large heating area to the material. This is done by 
means of so-called spreaders tvhich spread the matenal into‘ “ 
streams of relatively small diameter so that a large surface, in companson 

to the volume, is obtained. t 

In the older type of machines, the die plate would move awayjro 

the nozzle when the machine opened in order to prevent chilling of the 

material in the nozzle. However, today, this is no longer necess y, 

the nozzles are now heated. maintained in 

Pressures. 1. Inject ™.-Proper pressure must be\Tf£ CIeaas 

conjunction with proper heat. The viscosity of e “ in d, 

rapidly as the temperature increases beyond hte softe g P ^ 
therefore, the effective pressure also varies with the temp 
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ization of pressures between the clamping cylinder and the injection 
cylinder must be made so as to prevent the material pressure from exceed¬ 
ing the clamping pressure, in which case the mold would open. For 
example, if a molding pressure of 20,000 p.s.i. is applied to the material 
and the mold has a projected area of 50 sq. in., it would result in 500-ton 
pressure tending to open the mold. However, as considerable resist- 


,-Nozzle 



Fig. 8. Cross section of injection heating chamber showing spreader, which subdivides 

the flow of the compound to allow better contact with the heating means. (Hydraulic Press 
Manufacturing Company.) 


ance is set up in the cylinder, sprues, gates, and runners, approximately 
one-half of this pressure is lost. Therefore, the clamping pressure will 
have to be adjusted to approximately 250 tons. Control of injection 
pressure is made either by lowering pump pressure or by means of a regu¬ 
lating valve in the hydraulic line. A desirable feature, offered recently, 
is a flow control for varying speed of injection. 

2. Clamping .—As pointed out above, the clamping pressure must be 
greater than the total injection pressure in order to prevent the mold from 
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opening. With insufficient clamping pressure, a flash or a noticeable 
miter line is the consequence. The mold is held closed by either a toggle 
or hydraulic mechanism in accordance with the type of machine. One 
make of machine has blocks that transmit the pressure directly from the 
die plate back to the frame of the machine in its closed position. Another 
inserts a taper block so that the pressure of the die is taken by the frame 
instead of being held by the hydraulic piston or by the toggle pins. Most 
modern machines operate directly by hydraulics or by hydraulics through 
a link mechanism. The hydraulic operating pressure is supplied by 
means of oil pumps, providing both high and low pressure. The high 
pressure is generally around 1,000 p.s.i. at low volume and the ow 
pressure approximately 250 p.s.i. at much greater volume. The low 
pressure closes the mold quickly, and the high pressure keeps it closed 


against the injection pressure. ..... - , , 

Mold Temperatures.— In order to set the material into its final shape, 

molds are kept below the solidifieation temperature of the entering 
material Although most manufacturers refer to cooling of the mold, in 
some cases heat is supplied t. it wlmreWi 

rrhlrate removal from the mold. This prevents bubbles 
and excessive shrinkage. Mold temperatures must be regulated so that 
the maWl which has an initial lag in setting, has an opportunity to 

fill the mold completely before t is get strains 

Mold temperatures that amfrom the mold. Man, 
that cause warpage ofthe p.e«^ temperature ot the mold so 
manufacturers have de and j n some cases, steam can be cir- 

that either cold wata ° h ^ a mold can be ru „ and still obtain 

section, in particular, require a relativelydons cooling cycle.^ ^ 

field that the major improvement in a mo g Y ^ greatest time . 

ally speaking, this is the part o e 5 h t th sur f ace temperature 

is not below the dew point, marks.” A 

cause trouble in molding rom u 1 . cellulose acetate com- 

pounds is around 125“F. Anyang the mold. If 

tion of the piece, either in ejecting [Us poss ible, if dimensions 

need not be held, to remove the piece fromthe moM pensions 

in water. However, in this case, considerable vana 


will occur. 
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Ejection. —Parts are usually ejected from the mold automatically. 
Small pins press upon the undersurface of the article and push it from the 
cavity. Care must be taken that the pins bear on the strongest portion 
of the article and are proportioned in area in accordance with the thick¬ 
ness of material to prevent the pins from pushing through the article. 
It is well to have ejection pins located on the runner also. In a number 
of cases, sticking occurs at this point. In cases where the impression of a 
plain pin would be objectionable in the appearance of the part, designs 
can be engraved on the pins which will blend with the general design. 
In some items, knockout pins are not possible, or may be objectionable. 
In such cases, stripper plates are used which surround the plunger and 
lift the part from it as the mold opens. The objection to this type is the 
fact that the fit between the plate and plunger must be very close in order 
to prevent material from flashing excessively at this point. 

Material and Design. Materials .—There are many materials on the 
market at the present time which are very satisfactory for injection 
molding, and new materials are constantly being developed. The old¬ 
est material in general use is cellulose acetate. It has proved popular 
because of the ease of molding, but it has a tendency to shrink with age. 
However, its low price and toughness have made it very widely used. 

Cellulose acetate butyrate has come into popular use in recent years, 
as it also has good molding qualities with good dimensional stability and 
is fairly resistant to moisture. This material presents a high finish from 
a properly finished mold. 

Polystyrene, although one of the earlier materials, has quite recently 
come into popular use for a large number of items, owing to its properties 
as an electrical insulator. This material has had a tendency to be brittle, 
especially at the low temperatures. However, this objection is being 
overcome as more flexible copolymers are developed or as strain-relieving 
procedures are used. The vinyl resin compounds have proven excellent 
for a number of uses, particularly those which require high electrical 
insulation values and low moisture absorption. These materials are now 
being made in elastomeric grades which are being used to replace rubber 
in a number of applications. The acrylics are very desirable for orna¬ 
ments, because of their clarity and fine colors. They are coming into 
use for medical and dental appliances. Beside these materials, there 
are many new materials coming on the market, such as ethyl cellulose, 
polyethylene, and nylon. 

Handling .—Care must be taken in the handling of all materials to 
prevent contamination by foreign substances, or the mixing of various 
flows of the same materials. Moisture absorption of powders is another 
difficulty to avoid. It has become general practice to dry such materials 




p IG <j—slide rules made of Lucite methyl methacrylate resin by precise injection- 
molding methods hold tolerances of less than 5, 10,000 in. between graduations. ( E . I. du 
Pont de Nemours & Company, Inc.) 

in special heaters just before molding. In some cases, infrared lamps 

have been mounted on the hop¬ 
pers to prevent moisture from 
entering int o the material between 
the time it is loaded into the 
hopper and its injection into the 

mold. As colors must be changed 

from time to time, it is general 
practice to start with the lighter 
colors and gradually work to the 
dark colors. In this way, the 
chamber need not be cleaned. 
One color pushes the other coloi 
through without excessive loss of 
materials between colors. The 
same procedure is used in chang¬ 
ing the type of materials for the 
same article—the easier flowing 

.. .U *». uniform compound, materials being 

(Crianrsc Plastics Corporation.) harder materials. In some 

when the reverse must be made, it is necessary to dean the« 
eompletelv. Materials, sueh as cellulose acetate and cellulose 
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butyrate cannot be mixed together, as this will cause trouble in 
molding. 

The sprues, gates, and runners can be reclaimed and reused. 11 
desired, approximately 15 per cent reclaim can be added to new material. 
Figures 9, to 14 show typical examples of injection-molded articles. 

Design of Article. —The design of the article is very important in 
molding. An improperly designed piece could make the cost excessive, 
by increasing both mold and molding costs. The first point to bo kept in 









Cy- \ * 


Fig. 11.—Many items of consumers’ goods are economically produced by injection molding 

from thermoplastic compounds. (Celancsc Plastics Corporation.) 


mind is the fact that the piece must be able to be molded. There are a 
number of cases in which designs are presented for molding, which, 
because of excessive undercuts, are either impossible or, if made, would 
require extremely complicated molds. The same piece, when redesigned, 
serves the purpose equally as well. In some cases, it is better. The cost 
also is materially reduced. 

Thin sections should be avoided wherever possible. It is undesirable 
to mold sections less than 0.050 in, although, in some cases, it can be done. 
It is equally important to avoid heavy sections, owing to the fact that 
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excessive shrinkage will occur unless the cycle is lengthened prohibitively. 
Abrupt change in sections is equally undesirable. Sharp corners cause 
obstructions to the flow of material and tend to make weak sections. 

The part should be checked to allow all possible draft for removal of 
the piece from the cavity. The best position for location of pull pins or 
ejection pins should also be determined. The part should be kept as 




Injection-molded pencil ferrules. 120 at a time—the sprues and runners can 
-round and molded again with very little waste. (Eastman Kodak Company.) 



simple as possible in order to reduce both mold and piece price. Com¬ 
plicated parts require molds with cam actions and various me hodso 
making undercuts. This not only complicates the mold, but ^ 

to the possibility of damaging the mold, unless undue care is taken in 
molding operation. Tolerances should be closely checked 
sarilv close tolerances add to the cost of the item Inserts hould b. 
watched as these also odd to the cost. The parting line should b 
located in such a position that it is not noticeable Itphon'dUo 

a point where it will make the mold easier to construct Wall t 
fillets, internal and external threads, and the desired finish aie 
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points to which attention must be given, if the price of the article is to 

be as low as possible (see Chap. XV). 

Mold Design .—In order to obtain the maximum production from a 

mold, it is extremely important that the mold be designed to operate with 

the least possible interruption. As injection molds must stand high 



Fig. 13.—Colorful and intricate buttons in large quantity at low cost by injection molding. 

(Hydraulic Press Manufacturing Company.) 

pressure, it is extremely important that the cavities be properly supported 
to resist the pressure. Special attention must be paid to the design of the 
sprue, gates, and runners, anchorage of the parts, perfect fit, venting, and 
finish of the parts. The type of material must be determined. Various 
materials shrink differently. Unless shrinkage is calculated, and allowed 
for, tolerances cannot be held. Slender core pins and pull pins should be 
avoided. A mold, poorly designed and built, can cause endless annoy¬ 
ance and loss. A well-built mold, although more expensive in its initial 
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Fig 14 -—Thermostat housings: practical, attractive, and economical from injection-molded 

thermoplastics. (Hydraulic Press Manufacturing Company.) 

ts a tendency to cause greater flash, as it increases the effective area, 
the weight is close to the capacity of the machine, it causes a longer 
Tie for more time is required to plasticate the material thoroughly 
would therefore, be cheaper to build a smaller mold. For example, l 
four-cavity mold were built so that the weight was up to the capac- 
v of the machine, the time required might be 2 min whereas a twe¬ 
nty mold well within the capacity of the machine could be run at mm. 
i such a case, the expense of the two extra cavities is wasted. 

It must be kept in mind that, when first received mold have micrm 

•opic undercuts, which prevent proper ejection from the mo 
ossible way to overcome these, is to operate the mold for some g 
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cost, is cheaper over a long run. It ensures high production and lone 
life. 

The quantity the mold is to produce will have a large effect on the type 
of mold to be made, its method, and type of construction. 

It must be kept in mind, in designing the mold, that the projected 
area and weight of piece must be kept within the capacity of the machine. 
If the area is too large for the clamping tonnage of the machine, the mold 
will flash, causing excessive finishing cost. Also, when a mold flashes, it 
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of time with lubricant. After continual operation over a period of time, 
these undercuts will gradually release and offer a perfectly working mold. 

Relation of Cavities to Cost —The number of cavities in a mold is 
directly determined by the rate of production per week or per month, 
necessary for the mold to produce. If the production is to be small, a 
mold with a small number of cavities is advisable. If the production 
is to be very large, a large number of cavities will be necessary. The 
increase in production of a mold is not directly proportional to the increase 
in the number of cavities. This is due to the fact that as the total amount 
of material in a mold increases the cooling time likewise increases, although 
not in proportion. Therefore, a point is reached at which the increase 
in the number of cavities will not materially reduce the molding costs. 
To go beyond this point increases the over-all cost for the combined 


Tablk I.— Common Faults and Causes 
1. Piece Not Filled 

a. Material too cold 

b. Pressures too low 

c. Sprues, runners, or gates too small 

d . Insufficient feed 

e. Feed too heavy 

/. Material too hard to flow properly 

g. Resistance, due to cavities not being vented properly 

h. Nozzle too small 

# 

i. Die too cold 
2- Flashing 

a. Material too hot 

b. Pressures too high 

c. Die not adjusted properly 

d. Foreign matter on mold faces 

e. Poor die construction 

3. Warping 

a. Sticking in die, due to undercuts, or poor ejection mechanism 

b . Material too hot when removed from mold 

c. Nonuniform cross sections 

d. Wrong design or location of gate 

4. Shrinkage 

a. Contraction of material after removal from mold 

b. Heavy cross section 

c. Ejection from mold at too high a temperature 

5. Flow Marks 

a. Material too hot 
* 6. Material too cold 

c. Too much lubrication in mold 

d . Moisture in mold 

e. Runners and gates too small 
/. Material set up too fast 

g. Material burned in chamber 

h. Too hard a flow, for design and article 
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mold and parts for a definite run. In some cases, if a small number of 
cavities will take care of the required production, it may be more economi¬ 
cal, over a run of 1,000,000 pieces or more, to increase the number of 


cavities. Cheaper piece price will result. The parts will run off in a 


shorter time. 


However, 


as mentioned above, this can be carried to 


extremes so 


that the extra cost of the mold would offset the saving in 


piece price. 





die and carried on a moving 
pur at ion.) 


c extruded througn a 
< nncssce Eastman ('or 


1 1km moplast ic coinpoum 

belt until cool. 


Some amortize the mold cost over the first order. Hmv- 

over. in sonic instances, companies are willing to amortize the mold over 

a certain .. and assume the responsibility that duplicate order 

will be received tor the material. However, most .... dors make da 
custom to charge the customer lor the mold and then set a defim 1 

tor the piece, regardless o! mold cost. 

Finishing.—One of the big advantages o mjeetton n oltltngn ‘ 

case will, width the article is Imished. As there arc no fins, o. tosh 
nieces front a ... operating mold and only the gate must be temore . 




Fig. 16.—Transparent -extruded tubing of thermoplastic cellulose acetate butyrate. 

(Eastman Kodak Company.) 

4 

Tapping, for holes larger than 34 in., is not practical. If possible, the 
thread should be molded in. Holes, smaller than 34 in., can be readily 
tapped with taps having flutes with a negative rake of approximately 
5 deg. on the front face of the land. In tapping, it is well to chamfer the 
edge of the hole to prevent breaking out at the top. 

The parts can also be finished on a lathe or milling machine, if the 
desired tolerances cannot be obtained in the mold. 

In some cases, when the piece requires an extremely high polish, it is 
necessary to apply hand polishing, or use a wheel buffer with fabric ' 
wheels. Light pressures are necessary to prevent heat from softening 


very little finishing is necessary. If the piece must present a very attrac- 
tive surface, hand filing and buffing are necessary to remove the gates. 
In the case of large quantities of one type, special finishing machinery can 
be built. Quite frequently, clipping or shearing of the gate from the item 
is sufficient. For most work, this is all that is required. Pieces in which 
holes are at an angle and cannot be cored in the mold must be drilled 
afterward. For this work, special drills are made which have polished 
flutes and a long lead. Backing out the drill frequently to clear the 
hole and using soapy water as a lubricant will aid in the drilling operation. 
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the material and causing it to stick to the wheels. In some cases, polish¬ 
ing is done by means of tumbling with a polishing compound. If decora- 
tive finishes are necessary on plain pieces, this can be done by stamping 
or printing directly on the surface. 

Most materials lend themselves readily to cementing in making an 
article that would be too complicated to mold in one piece. Quite 
recently, a new process has been developed and patented, whereby 
metal plating can be added to the plastic part for either decorative 
finish or for other uses. 

EXTRUSION AND ALLIED PROCESSES 

Extrusion is a development that has been adapted from the rubber 
industry. Material is heated in a jacketed chamber and forced through 
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estii.K possibilities for industrial and commercial use. (E. 1. da 

puny, Inc.) . 1 

a die bv moans of a strew, so as to form a long continuous strip or tube 
This strip is caught a moving I,oil that supports ,1 until cooled. The 
vise of I ho section is determined partly by tile size and des g 
evt msion die and partly by the speed of the conveyer belt » hl * 

.ho extrusion while it cools. Although this is a recent developsat Ii d 

rules have been made by the users of these machine, in the mala. * 

(*< >n i nlicated sections. 
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Blowing.—A new development has been made by which hollow articles 
can be blown from molding powder instead of sheets. The method is a 
combination of extrusion with the old method of blowing celluloid. 1 he 
material is first heated to a fluid state and then extruded as a hollow bag 
into a closed mold. When the bag has the proper amount of material 
to make the article, air is forced inside the bag, forcing it against the 
faces of the mold, where it is formed and chilled to the finished shape. 
This has been successfully used for making medicine bottles, toilet floats, 

and numerous other uses. 

Jet Molding.—This is a development using the injection type of 
machine with a special heating chamber so as to utilize a thermosetting 
material in place of thermoplastic. The principal difference is that the 
material is heated to slightly below the curing temperature of the material, 
forced through a special nozzle where the temperature is raised to the 
curing point, and then forced into a heated die that is kept at the proper 
molding temperature. Immediately after injection, cold water is circu¬ 
lated around the nozzle to prevent material in the nozzle from setting up 
and preventing further injection. This is a recent development. Con¬ 
siderable work has been done along this line. If this were to prove 
practical on economic grounds, a considerably larger field would be 
opened for further development of the injection-molding process. 
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CHAPTER XX 


TESTING METHODS 

By Charles R. Stock 

Stamford Laboratories, American Cyanamid Company, Stamford, Conn. 


The physical testing of plastics in many cases closely parallels methods 
that have long been used for the measurement of properties of other 
engineering materials such as metals, wood, and concrete. The similarity 
that exists in many instances between plastics testing and testing of other 
materials derives from the basic logic that underlies all testing, viz., that 
to obtain satisfactory data on a material that exhibits a certain combina¬ 
tion of pertinent physical characteristics, it is necessary to select a test 
with regard to its details, that takes cognizance of these characteristics. 
With this in mind, it can readily be understood that mechanical tests on 
plastics that exhibit stress-strain characteristics similar to metals will 
employ a testing procedure that contains many of the detailed require¬ 
ments found in a metals test. Similarly, hard brittle resins tend to be 
tested by methods that approximate those found in evaluating the 
characteristics of concrete or glass. Further examples can be presented 
which carry this parallelism through electrical, thermal, optical, and 
other broad fields of evaluation. 

Before testing any material, it is necessary to have clearly outlined, 
if only mentally, the kind and amount of information that the test pro¬ 


cedure is expected to supply. With a clear-cut purpose or philosophy 
of testing defined beforehand, it is possible to design the details of the 
testing procedure and to obtain the required data with a minimum 
expenditure of time, materials, and effort. Rudimentary as this point 
is, it is, nevertheless, frequently overlooked. As a result, an inefficient 
test may be employed, and the resulting data may give too much informa¬ 
tion or, what is worse, too little. This viewpoint leads to the considera¬ 
tion of the basic purposes for which testing is performed. 

It may be said that there are five kinds of testing in widespread use 
today, both in industrial research and development and in academic 


research. These may be described as follows: 

1. To Obtain Basic Physical Information of Research Caliber. In this 

category it is frequently desirable to quote data in terms of fundamental 
physical units, but in some instances relationships or behavior character¬ 
istics with respect to some variable will be more informative than numeri- 


cal presentations. 
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2. To Obtain Application Data for Engineering and Design Purposes. 
Here the emphasis is usually upon numerical results obtained for a given 
characteristic, including also pertinent analysis of the associated fre¬ 
quency distribution of the data obtained. When interpreting such data 
for engineering usage, it is customary to give considerable weight to that 
end of the distribution pattern representing poorer performance. 

3 To Establish and Maintain a Minimum Standard of Quality. 
Where a pass-fail test is of interest, it is customary to simplify the pro¬ 
cedure to the ultimate that will give reliable results. However, where 
it is desired to gain a more thorough insight into the origin of assignable 
causes for variation of quality, it is usual to set up a test in a form that 

will yield data that can be analyzed statistically. 

4. Specification Testing. It is probably true that the greatest volume 

of testing falls into this or the preceding category. Testing for specifica¬ 
tion purposes is in fact performed either for control of quality for approval 
and acceptance or, to a limited extent, for engineering information. 

5. To Identify by Other than Chemical Procedures. This class of tests 
may include some chosen without regard to the value of the data either 
as engineering information or for quality control but, rather, as an 
empirical measure which is known to differentiate readily among various 
types of plastics not otherwise readily identifiable. Thus, for example, 
methyl methacrylate and polystyrene may be differentiated either by a 
test for specific gravity or by a measurement of dielectric behavior, i.e., 
power factor or dielectric constant. 1 

Descriptions of test methods and interpretation of data, to be con¬ 
sidered in following sections, will not attempt to assign any of the above 
major fields of utility to a particular test. This stems from the fact 
that each specific problem and the limitations involved will bear heavily 
upon the tests to be selected in any instance; a quality-control test with 
one set of requirements may indicate the same testing technique as an 
engineering investigation with other requirements. 

Although the foregoing has dwelt upon testing criteria that are 
similar whether or not the substance tested is a plastic, there exist for 
plastics specialized differences in testing which spring from the character¬ 
istics of resins and their combined forms which are unique to this field. 
Further on, the physical make-up of plastics which produces their result¬ 
ing mechanical, electrical, and thermal characteristics will be considered. 
At the present, however, it will suffice to touch upon two attributes that 
are either uniquely ascribable to these materials or that they possess in 
more exaggerated forms than are found elsewhere. The first to be 
recognized is the inherent variability of behavior of plastics to some 
physical tests. In most instances, the precision with which data can be 
obtained is limited by the variation from batch to batch, within batches, 
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and from place to place within a specimen of commercial plastic. Part 
of this nonuniform behavior may be attributed to the inherent nature of 
the resin itself or to the chance distribution of filler within the resin, part 
to normal batch-to-batch variation during processing, a large portion to 
variables. that arise during the molding operation, and finally, to the 
portion that reflects the suitability of the testing conditions chosen and 
the size and shape of the specimen. This is not intended to mean that 
highly informative data of good quality are rare in the evaluation of the 
behavior of plastics, but merely that one or more of the above variables 
contributes to the test in such a way as to set a minimum on the reduction 
of random errors. The same condition is found to a lesser degree in the 
testing of metals, and more noticeably, when wood is the subject under 
investigation. Frequently tests are run for the very purpose of gaining 
an insight into the magnitude of assignable errors, for example, in some 
phase of the production schedule. Under these conditions, deviations 
arising from sources not under investigation must be reduced to the 
minimum. 

The second specific attribute of most plastics relates to changes that 
may be produced within the material by external conditions such as 
temperature, moisture, radiation, or solvents. Thermoplastics alter 
their mechanical characteristics noticeably with changing temperature, 2 
and all plastics change significantly in one or more of their electrical 
properties as the temperature changes. The presence of moisture is also 
reflected by changes in practically all mechanical and electrical character¬ 
istics. The extent of these changes is a function of material composition. 
Clearly, therefore, for any test where one or more of the external condi¬ 
tions is believed to haye a significant effect, it is quite necessary, if not 
to eliminate such effects, at least to know completely the past history of 

the material under investigation. 

For comparative testing, any difference in histories of exposure 
to conditions known to be significant must be eradicated by a suitable 
“conditioning ” procedure. By so doing, useful data may be obtained for 
comparing materials, some of which may have been exposed to an ambient 
condition such as high humidity, while others had encountered dry con¬ 
ditions. It is well to recognize, however, that it is difficult to compare 
materials that contain a component that may be volatilized or leached out, 
for here a substance other than water is involved in the performance of the 
plastic; it is not generally feasible to manipulate the correct addition or 
removal of such a component. Precautions with respect to ambient effects 
are to be taken even during a test when the test concerns specimens whose 
nature or whose dimensions are such that they will react rapidly to theirsur- 
roundings. This is particularly true in the testing of thin films. If ™ 
have been conditioned at one humidity and are then removed to another 
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situation where the test is to be performed, it is quite possible for them to 
undergo changes during the test which will have a large effect on the out¬ 
come. It has become customary in recent years for much plastics test¬ 
ing to be performed in air-conditioned areas, when any rapid reaction to 

change in conditions is suspected to be possible. 

Insofar as they constitute a separate class of materials in the engineer¬ 
ing field, plastics require some tests that are novel. Most of these relate 
to rheological properties of the viscous sirups, the partly reacted solids 
before the molding operation, or to the molded solid. Materials after 
molding or forming are frequently tested for creep, 3 * brittle point, 4 heat- 
distortion temperature, 8 and other measurements having to do with 
viscoelastic and viscous reactions of plastics to applied stresses. To the 
extent that plastics act as bonding agents for sheets of wood, paper, and 
textiles, their adhesive qualities are of great interest and are measured by 
empirical mechanical tests to evaluate this property. 6 ’ 7 

THE PHYSICAL NATURE OF PLASTICS 

The structure of resins that go into the fabrication of plastics has been 
considered chemically in preceding chapters. There it was seen that 
certain molecules of low molecular weight can be synthesized from simpler 
compounds and that the monomers thus formed have the ability to com¬ 
bine under the proper conditions of catalyst and heat, to produce resinous 
bodies of high molecular weight. 

Polymeric Structures.—Depending upon the nature of the monomer 
and the mechanism of its combination, the resulting resin will exhibit 
characteristics that will place it in one of two groups, as a result of the 
geometry of linkage of the macromolecules. If the unit molecules com¬ 
bine to form an elongated chainlike macromolecule, the system is said 
to be linear (or two-dimensional) and its physical behavior, primarily 
with respect to reaction to mechanical stresses and temperature,, may be 
exemplified by such thermoplastics as cellulose acetate, methyl metha¬ 
crylate, and polystyrene. A subdivision of this group contains resins 
that behave similarly to those described but do not in general require 
the addition of plasticizers to control their flow characteristics. In this 
instance, molding behavior, flexibility, and similar properties are adjusted 
within the macromolecule by the process of copolymerization, i.e., caus¬ 
ing dissimilar monomers to polymerize with each other and so combine 
some of the properties each would have if polymerized separately. 
Found in this group are such resins as vinyl chloride acetate (see Chaps. 
IX and X). 

* All references to testing methods bearing a numerical designation of the American 
Society for Testing Materials (A.S.T.M.) are to be found in Part III of the A.S.T.M. 
Book of Standards, issued triennially. 
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The second group contains materials in which the process of molec¬ 
ular growth is three dimensional. Actually, a large proportion of the 
resins found in this group are formed by condensation rather than by 
polymerization, that is to say, water is a by-product of the reaction. 
These substances are characterized by higher elastic modulus, much less 
tendency to creep under load, greater hardness, and less temperature 
sensitivity than those found in the first group. Typical examples are 
phenol-, urea-, and melamine-formaldehyde, and some cross-linked alkyd 
resins. These materials derive their ability to be molded from the fact 
that the chemical reaction is incomplete before molding and completes 
the process during the actual molding procedure. As a result, these 
substances cannot be remolded. * 



Fig. 1.—X-ray diffraction photographs of (a) polystyrene, (6) cellulose, (c) nylon. 
Note progressively increasing tendency to form a typically crystalline pattern. (American 

Cyanamid Company .) 


Crystallinity and Anisotropy.—Another physical attribute of some 
macromolecules is their ability to align themselves with some degree of 
order as a result of associative forces of an electronic rather than a molec¬ 
ular nature. This tendency to form an ordered pattern is similar to the 
behavior of simpler substances in the formation of crystals; indeed 
macromolecules such as certain of the polyamides (nylon) are seen to 
exhibit crystallinity when examined by X-ray diffraction techniques. 8 
Crystalline substances yield a characteristically sharp diffraction pattern, 
while amorphous solids produce a fuzzy photograph. The micellar or 
“bundle ” association of cellulose fibers is an example of a natural material 
whose ordered state results in a typically “ semicrystalline ” diffraction 
picture (Fig. 1). The distinction between crystalline and amorphous 
resins finds importance in the field of protective packaging wrappers, 
where it is to be noted that the most effective barriers to moisture 
vapor are films formed from crystalline polymers such as polyvinylidene 

hi q ride 

sime plastics in addition to those possessing crystalline orientation 
* See, however, Postforming, Chap. XIII, see also Chaps. V and X. 
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are found to react differently to external conditions depending on the 
direction in which the test is applied. This behavior is termed anisotropy; 
its converse, isotropy , describes a material whose properties do not vary 
with the direction of test. It is therefore necessary, when anisotropy is 
suspected, to test the material in two or more directions. Frequently, 
directional characteristics are deliberately produced by some such 
mechanical process as drawing or calendering in order that the best 
properties may be obtained in the desired direction. This orientation 
with respect to physical characteristics may be observed in films of 
regenerated cellulose, which tear more readily in the long direction of the 
sheet than in the cross direction, and in nylon fiber, which has excellent 
tensile strength. Polaroid sheet is an example in which optical aniso¬ 
tropy is obtained. 

The isotropic nature of a plastic object or specimen is determined 
not only by the molecular structure and orientation already described, 
but also by macroscopic factors of several types. The resinous compo¬ 
nent of a plastic will behave differently in mechanical, electrical, 
and thermal tests, depending upon several accidental variables. One of 
these is the introduction of stresses during or after the molding operation. 
During molding, a thick section of thermosetting plastic may undergo 
unequal cure throughout its volume because of the difficulty of obtaining 
a uniform temperature throughout the mass. * When nonuniform cure 
is encountered, it is usual for the surfaces to be more highly polymerized 
than the interior. As a result, the skin is stressed in tension and the 
interior is compressed. Also, when one surface is cured more thoroughly 
than another, the molded object or specimen may be distorted by the 
consequent nonuniform distribution of stresses, f The effect of both 
of these accidental variables is to introduce error in the data obtained from 
a test, primarily in mechanical tests. Another source of internal stress 
having the same anisotropic effect results from the loss of volatile matter 
either during the molding operation or upon aging. In this case, 
some relatively volatile component such as a plasticizer, originally 
uniformly distributed throughout the plastic, tends to be lost selectively 
from the surface by reason of its vapor pressure. Similarly, in this case 
the result is a surface layer stressed in tension around an interior com¬ 
pressed volume. When volatile matter has been lost in this way, it will 
be found that indentation hardness of the molded surface is greater than 
that measured on freshly exposed surface from the interior of the molding. 

The directional characteristics of many commercial plastics will 

* Recent advances in high-frequency heating make it possible to avoid this condi¬ 
tion. See Chap. XVIII. 

t In materials testing, applied forces are usually converted into terms of stress, 
which may be defined as the intensity of a force (force per unit area). 
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be affected also by the nature of an added filler. Molding compounds 
and, in particular, thermosetting resins usually are made with an incor¬ 
porated filler which may be wood flour or purified cellulose, linters or 
chopped cloth, mica or asbestos. The cellulosic fillers are included for 
the improvement that they give to molding and to the mechanical and 
weathering behavior of plastics and in some cases they also reduce the 
cost per pound, while the inorganic fillers impart an advantageous electri¬ 
cal or thermal characteristic. 

When the filler is relatively finely divided and therefore has dimensions 
that are small with respect to the customary size of test specimen and, 
moreover, when the shape of the filler is sufficiently regular so that ordered 
orientation cannot occur during processing or molding, there will be 
little if any tendency for anisotropic behavior to be observed. In addi¬ 
tion, the normal flaw structure of the resin and its effect on ultimate 
strength data will not become more evident. However, when fillers are 
incorporated whose unit size is comparable to the normal cross-sectional 
dimensions of most specimens, or if the filler has dimensions that differ 
greatly in various directions, such as the platelike shapes of mica, the 
flaw structure will be exaggerated and noticeable anisotropy may be 
encountered. This is evidenced by commercial molding compounds 
containing chopped cloth filler in which such properties as impact 
strength exhibit a greater deviation from the average than is found in 
resins containing small filler particles. Both mica and chopped cloth 
are found to tend toward a lamellar structure during molding. 

Laminates consist of layers of cellulose or asbestos paper, or cellulose 
or glass cloth. For the latter materials, such a planned rather than 
chance distribution of the filler makes it possible to fabricate laminated 
plastics with optimum orientation of directional physical properties. 
The deviation of test results from the average is not large for most 
laminates as a result of the uniform assembly process. 

Effects of Exposure.—Plastics need to be considered with regard to 
their reaction to the effects of external conditions such as moisture, 
temperature, irradiation, and the peculiar combination of these three 
known as weathering. All organic plastics absorb moisture from a humid 
atmosphere or during immersion. Some absorb much larger quantities 
than others because of their resin structure, and it is also true that for 
any given resin the type of filler has a large bearing on moisture suscepti¬ 
bility. It is evident that a resin containing wicklike filaments of cotton 
is capable of taking up more moisture than the same resin containing an 
inorganic filler such as silica (Fig. 2). Although the reaction to moisture 
differs very widely depending upon the resin and its filler, it may be said as 
a broad generality that the mechanical strength properties of a specimen 
are positively correlated with moisture content and the electrical proper- 
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ties negatively so. * It is therefore customary in many testing laboratories 
to examine plastics most drastically by performing mechanical tests upon 
specimens that have been well desiccated and electrical tests after a 
period of exposure to high humidity or immersion. 

Variation of temperature produces large changes in most plastics. 
In condensation resins, most of the changes incurred are actually traceable 
to the loss of moisture undergone at high temperatures as a result of the 
increase of vapor pressure and reduction of ambient relative humidity. 
Polymerization resins, however, are characterized mechanically by a 
combination of elastic, plastic, and viscous reaction to stresses, all of 



Fig. 2.—Photomicrographs ( X 500) of molded plastics containing (a) cellulose filler and 
(6) silica filler. ( From J. J. Mattielo , “Protective and Decorative CoatingChap. V , Vol. 5 , 
John Wiley & Sons , Inc., New York.) 


which are inverse functions of temperature, although the degree of 
sensitivity varies widely from material to material. In view of this 
behavior, a thermoplastic that is primarily noted for its toughness at 
normal room temperatures can become glassy and brittle in the region of 
approximately — 25°C. and soft at about +70°C. (Fig. 3). 

Electrically, plastics behave in a manner similar to many other 
insulating materials when the temperature is varied. Thus with increas¬ 
ing temperature the dielectric strength will remain the same or fall off, 
the insulation resistance will decrease, and the curves of power factor and 
dielectric constant versus frequency will move toward higher frequencies. 

Physical tests of plastics which have become standardized as a 

4 

• • - m 

* This-rule fails to hold where the presence of moisture reduces the strength of the 
resin-filler bond. 
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result of investigations by technical societies take cognizance of the 
foregoing differences in organic resins. Standard methods of test pro¬ 
mulgated by the A.S.T.M. frequently include the injunction that, in 
the event of suspected anisotropy, tests shall be performed in the most 



Strain, per cent 

Fig 3— Stress-strain diagrams of the tensile behavior of cellulose acetate at vanous 
temperatures. Note the transition from brittleness to softness with increasing temperaure. 
(Reproduced from reference 2 by permission.) 

informative directions. Standard conditioning and exposure procedures 
are also provided. 

Absorption of radiant energy by plastics particularly in the near 
ultraviolet (about 3,000 A.) affects most translucent types by promotmg 
either isomeric or oxidative changes in molecular structure. Discolora- 


m 





Fig. 4. 


■Exposure racks for evaluating weathering characteristics of plastics and surface 

pnntincrs. (American Cyanamid Company .) 


m is a frequent result that is readily apparent. Added tothisho , 
•adiation may promote cross linking in thermoplas tics, thutendmgto 
ivelop in the substance properties more characteristic of athree- 

mensional structure at the sacrifice of linear c ara ^ ei J ' This 
suit observed by test is that the resin becomes harder and stiffe . 
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change is disadvantageous in a 


material where flexibility is of prime 


Although the foregoing behaviors were considered as a result of a 
single stimulus, practical applications of plastics make it more desirable 
and more economical to investigate changes produced by combined effects 
by performing natural or artificial weathering tests. It has not yet been 
found possible to assay separately the effects of moisture, temperature, 
and irradiation and to predict successfully the behavior of a resin when 
exposed outdoors. For this reason, it is customary to conduct natural 
weathering exposures and also to obtain approximate information at a 
faster rate by employing the accelerated weathering instruments (Fig. 4). 


MECHANICAL TESTING 

* 

Types of Stresses. —The science of mechanics as it applies to materials 
testing deals with the application of forces to a substance and measure¬ 
ment of the displacement that occurs as a result. In order to study most 
advantageously the relationships that exist between these forces and 
the corresponding displacement or deformation, it is useful first to simplify 
the problem by separating the method of application of stress into two 
general types, viz., axial and shearing. Axial stresses are those in which 
a specimen is deformed by two equal and opposite colinear forces. In 
order to achieve this condition most easily, the customary specimen is a 
strip or rod and the load is applied parallel to an axis of symmetry. 

When testing is to be performed in tension, a center section of the 
specimen is frequently reduced uniformly, as shown in Fig. 5. This 
shape provides a larger expanse at either end which is gripped in the 
testing machine and which carries the load at a lower stress level than 
the central reduced length, customarily referred to as the testing length. 
Between these two portions of the specimen, it is necessary to minimize 
local stress concentration by providing a fillet of large radius which 
changes the cross-sectional area smoothly from the test length to the end 
tabs. * 

Compressive testing also produces primary stresses parallel to the 
axis of symmetry of the specimen, but unlike tensile stresses these pro¬ 
duce a deformation tending to shorten the over-all length. Specimens 
that are tested in compression are customarily right cylinders or prisms 
of uniform cross section from end to end (Fig. 6). 

The behavior of a substance may also be examined under the applica¬ 
tion of an externally produced shearing force. By definition, shear con¬ 
sists of applying to two parallel surfaces of a material equal and opposite 
forces. The loading forces in this instance will be noncolinear and will be 

* The problem of stress concentration and 4 ‘stress raisers” will be considered in a 
later section. 
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Fig. 5.—Standard tensile-test specimens for moldings and laminates showing: speci¬ 
mens for measuring ultimate strength of thermosetting molding compounds; specimen 
for obtaining stress-strain data and ultimate strength of molding compounds and laminates. 



Flo . 0 # —Cylindrical and square compression specimens, slenderness 


ratio of 11 . 
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separated by the thickness of the intervening material. Intermediate 
parallel planes will then be successively displaced in going from one sur¬ 
face to the other (Fig. 7). Torsion is the rotational form of a shearing 
test and is most frequently applied to rods and tubes. 

In general, engineering applications and most mechanical tests are 
found not to' apply simple loads to a plastic but rather to combine axial 
and shear stresses. This situation, which is referred to as combined 
stressing, frequently causes the substance to behave in a manner that 
appears to be anomalous. A substance like polystyrene, which deforms 
relatively little before failing in tension but deforms very greatly when 
compressed, may react differently to various procedures of applying 
combined stresses. If polystyrene is stressed so that tensile behavior is 
controlling, fracture will occur in a brittle fashion. If, however, the 
compressive properties determine the mode of failure, the behavior will 



Fig. 7.—Shearing forces as applied to a solid. 


be ductile. For other materials, various combinations of compression 
and shear or tension and shear may similarly alter their types of failure. 
The flexural or bending test involves tension, compression, and shear 
concurrently. 

Methods of Loading. —It is impossible to predict without some knowl¬ 
edge of the end use of an engineering material many of the pertinent 
facts concerning the conditions surrounding loading and unloading. 
Even though it may be known, for example, that a member will be 
stressed in tension, flexure, shear, or compression, the rate at which the 
load will increase and decrease and the maximum so be anticipated are 
matters for conjecture. In a laboratory test, it therefore becomes neces¬ 
sary to choose a method for applying stress which promises to provide a 
maximum of information. There are five generally accepted methods of 
applying loads to laboratory specimens. In a particular instance, one or 
more of these methods will be chosen which appear to simulate most 
closely the anticipated use conditions. 

One method of testing involves employing a constant rate of increase 
of the load. Upon consideration of this method, it is obvious that a 
material which deforms in a ductile fashion after passing the elastic limit 
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will require that the test machine operate more and more rapidly. 
Indeed, if at some point during the test the material continues to elongate 
with no increase in load, it is obvious that the rate of straining must 
become infinite to satisfy the conditions. This limitation is not apparent 
when testing materials that fail close to or within the elastic range, and 
many testing machines operate very satisfactorily upon this principle 
when employed for testing relatively inextensible specimens. A more 
broadly useful method of investigating the mechanical behavior of 
materials makes use of a constant rate of straining.* This procedure 
can be identical to the foregoing method so long as the elastic limit is 
not exceeded, but at greater extensions the elongation increases at a 
constant rate and the corresponding load is measured. 


Some applications of materials quite obviously require that they 
sustain a load whose magnitude does not change appreciably with time. 
Test methods have therefore been developed to cover this method of 
stressing. These consist, in brief, of applying rapidly, but without 
shock a load corresponding to a predetermined stress in the specimen. 
Thereafter no change in load takes place, but any progressive change 
in length with time is measured. The data to be obtained from such a 
test will be considered in a following paragraph. The companion test 
to the constant-load employs constant straining. In this test, a speci¬ 
men is loaded until its deformation is such that a predetermined 
magnitude of strain has been obtained. Thenceforth the elongation 
corresponding to this strain is maintained and the rate of change of load 

or the permanent deformation (set) is investigated. 

For engineering purposes involving construction where stresses 

are repeatedly applied and removed, a test method paralleling service 
conditions is most informative. Under cyclic stressing in which a con¬ 
stant load or a constant strain, less than that which will produce immedi- 
ateTfailure, is applied and removed, a progressive degradation of th 
material takes place which results in eventual failure. Tin; cycle 
employed may be intermittent with rapid loading and unloading, as 
produced by repeated blows (repeated impact) or may be> smuso d ^ 
nntnrp and of various frequencies. In addition, the s y 

• n*pd in one direction from the rest position or may be revers • 

Customarily referred to « WQrk has been done for metals, 

and data are rapidly being accumulated for plastics, uye 


* Strain is a dimensionless quantity wMch measures 
tion, e.g., elongation or contraction. iv J as inche g per inch, centimeters per 

"r't p" <• - i—* “ d * bC “ “ ^ 

same number multiplied by 100. 
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been devised which provide for repeated constant loading or repeated 
constant straining in tension, compression, flexure, or torsion. 

Stress Reactions.—In order to understand clearly the complex 
reaction of plastics to applied stresses, it is necessary to examine the pure 
phenomena that contribute to their behavior. Plastics are not unusual 
in their stress reactions, but, because of the wide range of properties that 
are included in the many formulations involved, it is possible to encounter 
a large number of combinations of the simpler characteristics. It 
may clarify the discussion of these elementary phenomena if an analogy 
is drawn for each type of reaction in terms of a conventionalized system of 
weights, springs, and dashpots which performs similarly. Such an 
analogy will be carried through the descriptions that follow. 

The discussion of the basic mechanical phenomena will be limited to 
homogeneous substances to avoid details that could only complicate the 
picture; it can be readily recognized that certain combinations of resins 
and fillers will exhibit atypical characteristics produced by the physical 
make-up peculiar to the material in question. As an example of the 
possible exceptions to be encountered, we may contemplate the behavior 
of a cotton or glass-cloth laminate. If such a material is stressed suffi¬ 
ciently in tension, it is possible to obtain a stress-strain curve that consists 
of two parts having different slopes. This may be traced to the fact 
that the first portion of the stress-strain diagram is obtained while the 
weave of the cloth is being straightened; as the load increases beyond this 
point, the now unkinked threads cany a direct tensile load causing the 
resulting plot to become steeper. In the general case, however, the 
mechanical theories to be described in the following paragraphs will be 
found to be adequate. 

Elastic Deformation.—Perhaps the simplest reaction of a solid object 
to an applied stress is purely elastic in nature. For deformation to be 
elastic, the following three requirements must be satisfied: 

1. The strain is linearly related to the stress. The relationship 
between stress and strain in purely elastic behavior is described by the 
following two equations, the first of which relates to axial loading and 
the second to shear: 

<r = Ee (1) 

r = Gy (2) 

Here <r and r are the axial and shearing stress, respectively, and e and 
7 are the corresponding strains. The constants of proportionality (E 
and G) are known as the elastic moduli; E is termed Young’s modulus and 
G the shearing modulus. 

2. The stress-strain relationship remains unchanged whether the 
load is increasing or decreasing. It is therefore evident that elastic 
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strain is always proportional to the associated stress, regardless of whether 
the stress is increasing or decreasing, and this condition is, for all practical 
purposes, independent of the rate at which the stress is changed. There 
exists one limitation upon the rate at which strain will continue to be 
proportional to stress, viz., that this relation will hold true up to a rate 
of straining equivalent to the velocity of sound in the substance. At 
rates of straining exceeding this velocity, local transient changes of den¬ 
sity will take place. 

3. Strain resulting from a stress within the elastic limit will be sub¬ 
stantially independent of the duration of the stress. 

The foregoing statements may be clarified by referring to illustrative 
. curves. In Fig. 8 is shown a stress-strain curve obtained from a hypo¬ 
thetical purely elastic substance. The abscissa measures strain and 



Fig. 8 .—Relation of stress (<r, r) 
to strain (c, y) for elastic deformation. 
Elastic modulus is measured by tan d. 
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Fig. 9.—Lack of time dependence 

for elastic strain. 


the ordinate stress. Either of these may be in terms of axial or shearing 
loads. It can be seen that as the stress increases the strain also increases 
in a proportional manner and that the relationship between stress 
and strain depends upon the slope of the line. Since the slope of a 
straight line is measured by the tangent of the angle that it makes with 
the abscissa, it is obvious that tan 0 is equal to the modulus of elasticity. 
This is also seen in Eqs. (1) and (2) above. The lack of dependence of 
elastic strain upon the duration of applied stress is illustrated in Fig. • _ 
Here the abscissa is time and the ordinate is strain. Upon application ot 
stress </, at time U, the strain is applied almost instantly and reaches t e 
constant value Thereafter strain remains constant regardless of tune 

until at h the stress is removed and the strain disappears. a o 
stress, a similar plot will be obtained starting at t 2 but rising to the smalle 

Elastic stressing and straining may be likened to a spring up™^which 

is hung a weight (Fig. 10). If the spring is truly 
when loaded and the increase in length per unit of length 
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involved. The stiffness (elastic modulus) of the spring will determine 
the amount of extension produced by applying the weight. Upon 
removing the weight, the spring relaxes to its original dimensions. If 
the weight is repeatedly and rapidly applied and removed, the spring 
will follow exactly until its natural resonant period of vibration is reached. 
Thereafter, it typifies, in its tendency to lag behind the rate of application 
and removal of the load, the lag in stress observed locally in a materal 
that is strained at a rate greater than that of the velocity of sound. 

Viscous Deformation.—When a viscous substance is stressed in shear, 
it deforms at a rate that is directly related to the magnitude of the stress; 



Fig. 10.—Equivalent dynamic system for a Fig. 11.—Mechanical model for viscous 
substance stressed elastically. deformation. 

the higher the stress applied, the greater will be the rate of shear or flow. 
For a simple viscous substance, this relationship is linear and may be 
expressed by the following formula: 


dy _ 1 
dt rj 7 



where dy/dt is the rate of shear, r is the shearing stress, and 77 is a constant 
called the viscosity.* For a given stress it is therefore evident that 17 
determines the rate of flow. Under purely viscous conditions, all the 
energy applied to produce the deformation is expended in the medium. 
Hence upon removal of the shearing stress there will be no tendency for 
recovery to take place. The property known as viscosity is most famil¬ 
iarly associated with fluids. It is well known that such materials as 

lubricating oils and greases have been studied in great detail with respect 
to this characteristic. 

The mechanical analogy to a viscous material consists of a weight 
suspended from a dashpot (Fig. 11 ). When the weight is applied, the 

Die unit of viscosity is called the poise. A substance has a viscosity of one 
poise if, when filled in the space between two parallel surfaces one square centimeter 
m area and one centimeter apart, a force of one dyne is required to move one surface 
parallel to the other at a constant velocity of one centimeter per second. Water at 
20 C. has a viscosity of almost exactly one centipoise (0.01 poise). 
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piston moves upward in the dashpot and the rate at which the motion 
takes place depends upon the force exerted by the weight and on the 
extent to which leakage can take place around the piston. Upon removal 
of the weight, the dashpot system remains fixed in its final position and 

possesses no tendency for recovery. 

By means of a simple experiment, it can be shown that some plastics 

which have a two-dimensional molec- 



Time 


Fig. 12.—Viscous shear-time re¬ 
lationships at two levels of stress—n 


ular structure or which are cross-linked 
to only a moderate degree are capable of 
flowing viscously when stresses are ap¬ 
plied. * Since too high a stress will frac¬ 
ture the specimen rather than produce 
deformation slowly, and since it is also 
evident that many high polymer sub¬ 
stances such as plastics are very highly 
viscous, the maximum stress applied 
must be well below the breaking strength 
of the substance, and the rate of shear 


and r 2 . 


will therefore frequently be low. 


In everyday experience, the viscosity traits of a plastic will have 
much to do with its practical suitability for its applications. For example 
where it is desired to inhibit vibrational forces in a mechanical system, 
a plastic with dominant viscous characteristics will absorb the energy of 
the vibrations, thus performing as a shock absorber. 9 Materials that 
are highly elastic, on the other hand, are capable of reinforcing vibrations 

if the period fortuitously coincides with the 

natural period of resonance of the plastic | / 

member. ts / 

Two graphic illustrations point out the ^ / 

dependence that exists between shear and ^ y'' 

time at various levels of stress, and also the ce 

relation between stress and rate of shear. [/_---- 

Figure 12 describes the way in which a vis- Stress 

cous substance deforms when a stress is 

applied for a finite length of time. At stress a Newton j an Liquid. 

r. shear increases linearly with time, and the , , 

slope of this function dy/dt measures the rate of shear. Sim ^ 

smaller stress r„ a lower rate of shear is obtained as s ^° by ^ between 

shearing stress and the various slopes shown in the P-e"re^n 
Fig 13, therefore, r is plotted against dy/dt whereupon, fo 

* Some Lard plastics and ductile metals react viscously under high stresses, 
the materials are then close to the breaking point. 


Stress 

Fig. 13 .—Rate of viscous 
shear (dy/dt) versus stress, for 
a Newtonian liquid. 
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viscous material, a straight line is obtained. The slope of this line is 
numerically equal to the viscosity. 

In the testing of plastics, it is frequently found that viscous behavior 
is not simple, i.e., the relationship of Fig. 13 is not linear but is more or 
less curved. Such a condition indicates that the material under investi¬ 
gation possesses complex viscosity. In this instance, the mechanical 
analogy must be a dashpot with a different rate of shearing at different 

positions of the piston in the dashpot. 

When a truly viscous condition exists, there will always be a deforma¬ 
tion that will continue to take place at a constant rate with increasing 
time, regardless of how small the applied stress may be. 10 It has gener¬ 
ally been agreed that a material which conforms to this requirement, no 
matter how high may be its viscosity index, is to be termed a liquid. On 
this basis, claims have been made that glass is a liquid, but the practical 
significance of this statement has been refuted. Nevertheless, such 
commonly encountered stiff substances as sealing wax must be considered 
liquids under this definition. The differentiation between a liquid and a 
solid will be brought out more clearly in the discussion of plastic behavior 
immediately following. 

A large group of molding compounds comprising both thermosetting 
and thermoplastic resins may be classified as plastic in their behavior. 
During the molding procedure, when heat is applied in addition to pres¬ 
sure, other thermosetting compounds are also temporarily plastic. 

A plastic substance is defined Theologically as one that can undergo 
inelastic deformation when stressed; it therefore retains a permanent set 
upon removal of the load. In contradistinction to viscous deformation, 
the amount of set is not a function of time; hence when a stress is applied 
below the plastic limit, a permanent deformation will result which will 
not, however, increase thereafter regardless of the duration of the stress. 
The stress corresponding to the point at which plastic deformation is 
complete and viscous deformation is first detected is known as the yield 
point. 

Many common substances in addition to those known as “plastics” 
possess an ability to react plastically to stresses. Among these are 
paint and tallow. In continuing the technical definition of the differences 
between a liquid and a solid, it is now possible to state that, whereas it 
was pointed out above that a purely viscous substance constitutes a 
liquid regardless of the magnitude of its viscosity, a solid substance is one 
that possesses a plastic range before evincing viscous flow at higher 
stresses. Hence paint, even though it may be spread readily, is a thin 
plastic solid. 

To extend the analogy between mechanical behavior and an equiva¬ 
lent dynamic system, we may set up to illustrate plastic deformation a 
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combination of a dashpot and weight similar to that used in describing 
viscosity except that, in this instance, a shear pin will be inserted above 
the piston in the dashpot (Fig. 14). Therefore, upon application of load 
to the system, the shear pin will be increasingly deformed as the stress 
increases, but until the pin has been completely severed, no increase in 
length of the system will occur if a constant load is allowed to hang for 
an indefinitely long time. When a load has been reached that will break 
the pin (yield point), the dynamic system will thenceforth deform 
viscously. This behavior may be illustrated graphically as shown in 
Fig. 15 where the shearing stress to is a characteristic of the material 
which defines its yield point. At increased stresses, it can be seen that a 
viscous flow diagram is obtained which is similar to those shown in Fig. 



Fig. 14. —Mechanical model for plastic defor¬ 
mation. The shear pin deforms plastically until 
sheared off, whereupon viscous flow takes place. 



Stress 

Fig. 15.—Plastic reaction to 
stress. Plastic yield stress is to. 


13 except that the origin is displaced by a distance corresponding to the 
plastic yield stress r 0 . Here also the slope of the curve will determine i, 
The largest number of plastics demonstrate not purely elastic, purely 
viscous, nor purely plastic behavior but rather combination of these which 
are most usually found in the forms known as visco-elastic and plastico- 
elastic reactions. The first of these two more common types combines 
an initial purely elastic strain with a purely viscous strain superimposed 
and extending beyond the end of the elastic range as illustrated in Fig 15. 
Viscoelastic resins are typified by cellulose acetate and cellulose aceta e 
butyrate. These materials when stressed either axially or in shea 
possess an initial stress-strain diagram which appears to be substan l y 
elastic in nature since this region is practically linear. However, upon 
removal of the stress, it will be found that the *ess-stram curves « 
loading and unloading do not coincide, but enclose an area and that the 
separation of these curves at zero stress measures the permanent viscous 
deformation. For these plastics, the rate at which the stress is applied 
will determine the resulting slope and hence the apparent modidus 
eksticty At high rates of stress increase, the time involved will be small 
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and there will be less opportunity for viscous deformation to alter the 
slope of the stress-strain diagram. At low rates of stress increase, on the 
other hand, the effects of viscous deformation will be relatively more 
prominent and the apparent modulus will thus be reduced. It follows 
naturally from the previous discussion of viscous behavior that the stress- 
strain curve beyond the superposed viscous and elastic range will be 
highly sensitive to the time involved in performing the experiment. 

Materials that may be characterized as plastico-elastic contain one 
additional complexity of behavior in that there exists an initial truly 
elastic domain followed by a second region in which plastic deformation 
is produced and, finally, a region of purely viscous strain which may in 
some instances be foreshortened or entirely absent (Fig. 16). 




Fig. 16.—Stress-strain dia- Fig. 17.—Mechanical model for 

gram for a plastico-elastic viseo-elastic deformation, 

substance. 

In both types of materials, the elastic portion of the strain is at least 
partly recoverable (and may be entirely so for plastico-elastic substances), 
but the degree of recovery depends upon the length of time over which 
the stress has acted. In addition, both the strain and the recovery of 
the elastic portion thereof will be influenced by a retarding effect which 
is directly traceable to the viscous attributes of the resin being 
investigated. 

An equivalent system, somewhat more complex than those which have 
been encountered heretofore, can be illustrated which will be analogous 
to these types of materials. The combination of springs, dashpots, and 
weight in Fig. 17 are adequate to describe the process of deformation in 
a material that possesses visco-elastic characteristics. It can be seen 
here that upon application of the weight an immediate elongation will 
take place elastically in the upper spring. This will be accompanied 
by a slower lengthening over a longer period of time, produced by the 
second spring retarded by its dashpot, which will eventually cease. 
Finally, a long time change in length will proceed indefinitely, owing to 
extension of the lower dashpot. Upon removal of the weight, the upper 
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spring will immediately retract. The second spring will retract slowly 
and the rate of its recovery will be determined by the viscous character¬ 
istics of the dashpot with which it is connected in parallel. However 
the lower dashpot remains stationary and provides the permanently 
unrecoverable elongation. 

The Stress-strain Curve. —It may be useful at this point to review 
the stress characteristics of plastics which have already been discussed 
with regard to the underlying theory. However, we shall consider here 
the effect observed in testing as a result of various combinations of the 
fundamental attributes of molding materials. In any mechanical test 
where measurements are made of stress and strain, either directly or by 
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Generalized stress-strain curve, showing characteristics of engineering interest 

(Reproduced from reference 2 by permission.) 


computing stress from load and dimensional data and strain from elonga- 
tion, a curve will be obtained which can be represented by part or all of 
that’ shown in Fig. 18. This generalized stress-strain curve will, in its 
qualitative characteristics, illustrate the behavior of any material during 
the performance of a test that produces either axial or shearing stress or 
a combination of the two. Figure 18 in its entirety represents a highly 
deformable substance and therefore requires that the type of test employed 
be one that applies a constant rate of straining. The portion of the 
curve up to the yield stress is typical of a stiff thermoplastic or a soft 
thermoset. For most of these materials, either constant rate of straining 
or constant rate of loading will be satisfactory. Finally, the part of the 
curve that is linear represents so-called “brittle” plastics, such as mineral- 


filled thermosets. , . 

If we follow the curve of Fig. 18 starting at zero stress and strain, 

several physically significant regions will be noted. That portionwhi 

falls within the rectangle marked by Ae and Aa is the linear sec i 
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which is measured the modulus of elasticity. Here it is seen that at all 
points a uniform relationship exists between stress and strain. The 
modulus of elasticity so measured will be a true value when the test 
involves purely elastic or plastico-elastic specimens and will be an appar¬ 
ent modulus for visco-elastic materials. In the latter case, the rate of 
testing will be a direct function of the slope of this portion of the curve. 

The point where the diagram first departs sensibly from linearity 
is known as the proportional limit. It is here that for all practical pur¬ 
poses a plastico-elastic material first demonstrates plastic yielding. For 
such a substance, this region extends to the next of interest, which is 
known as the upper yield stress. Next is found a region where the sample 
elongates either under a constant load or even at reduced loading. Fin¬ 
ally, there may be another increase in stress before reaching the point at 
which the sample fails completely. For exceedingly ductile substances, 
where the elongation from the upper yield stress to the point of failure is 
large, the apparent reduction in stress observed may be traced to a 

Table I 


Increasing 


Property 

Speed 

Temp. 

Humidity 

Modulus of elasticity. 

Vield stress . 

0 to + 

+ 

+ 

* 

i + 

/ 

+ 

Ultimate strength . 

Floneration . 



* This characteristic is limited for some plastics, see Fig. 3. 


corresponding decrease of cross-sectional load bearing area. However, 
in materials testing it has been customary to compute such curves on 
the basis of the original cross-sectional dimensions of the specimen. The 
highest point on the curve is termed the ultimate or breaking strength of 
the material. It can be recognized that, depending upon the material 
under investigation, the stress-strain curve may represent ultimate 
strength, and therefore failure of a specimen, before reaching the propor¬ 
tional limit or at practically any point to a high degree of elongation. 
The position along the strain axis at which the break occurs is 
not only a function of material, but, as has already been described in 
connection 'with the behavior of plastics under changes in external condi¬ 
tions, will be affected by temperature, humidity, and the other agents 
noted. Beside the effect on the modulus of elasticity of visco-elastic 
material produced by the speed of testing, it has also been found that 
the yield stress, the ultimate strength, and the elongation of most plastics 
are influenced by the testing speed, temperature, and humidity. Table 
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I illustrates qualitatively the relationship among these physical properties 
and the testing conditions that affect them. 

FACTORS AFFECTING MECHANICAL TESTING 

Stress Concentration. —The foregoing paragraphs have necessarily 
been restricted to a fundamental account of the idealized modes of 
reactions of plastics to applied mechanical stresses. In practice, how¬ 
ever, it is usually the case that the ideal conditions cannot readily be 
realized. It therefore becomes necessary to take cognizance of practical 
restrictions which must be recognized and accepted even when employing 
the most highly refined laboratory methods. One of the first of these 
limitations involves the geometrical dimensions of the part to be studied. 
Many materials, for example, are customarily encountered as beams, 
columns, sheets, or other shapes from which such simpler forms can be 
fabricated. 

One of the factors most commonly encountered in the performance of 
a test concerns changes in shape in the test specimen. In many tests it 
is necessary for such purposes as gripping and supporting adequately 
to have some parts of the specimen larger or differently shaped from 
others. When this is the case, a situation of nonuniform stress distribu¬ 
tion arises within the specimen as soon as a load is applied. 11 ' 12 Such 
lack of uniformity is aggravated by brittleness. Hence, a hard elastic 
material will be more sensitive to changes in dimensions than one that 
can relieve itself and approach uniformity of stress distribution by yield¬ 
ing plastically or viscously in any localized areas that may be exposed to 
high stresses of limited extent. Generally speaking, it is found to be 
entirely possible that local stresses produced by changes in cross section 
of a specimen can exceed those found in portions of the material having 
a smaller cross-sectional area which, however, contains no change over 
a considerable length. The most serious producers of localized high stress 
are cracks, notches, sharp angles, and even evidences of poor molding or 
finishing such as internal bubbles and other inhomogeneities or coarse 
machining marks and scratches. It thus follows naturally that, to 
obtain valid results representative of the material itself, extreme care 

must be exercised in the choice and preparation of samples. 

In engineering design the ability of fillets of small radius, oil holes, 
keyways, and the like to cause failure by producing stress concentration 
is well known. 13 Hence it is often found advisable to modify a design by 
removing material in order to strengthen a part. An example of this 
can be given in terms of a test piece commonly encountered for measuring 
the mechanical properties of plastics and metals. The specimen used in 
this instance is a round or rectangular bar containing a carefully machine 
notch of controlled dimensions which acts as a stress raiser of predeter- 
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mined magnitude. When such a notched specimen is tested for its 
tensile, impact, or flexural strength, a value is frequently obtained which 
will be markedly lower than that for an equivalent specimen that has 
been machined to a sufficiently smaller size to eliminate the notch. To 
exemplify this, the rectangular notched bar shown in Fig. 19 will for 
many materials be stronger after the shaded portion has been removed 
than if it were tested in the original dimensions shown. This test piece 
is most frequently employed for performing impact- and flexural- strength 
tests. It follows naturally from the foregoing that if testing is to be 
performed in which uncontrolled stress raisers are not wanted, the dimen¬ 
sions of the specimen must be carefully worked out to conform to the 
practical needs of gripping and loading while at the same time minimizing 
sharp changes in contour. In addition, it has been the custom to finish 
specimens that require machining by carefully lapping with successively 
finer grades of abrasives. 

There is a second way in which local high stresses may be produced. 
This undesirable condition arises Avhenever 
the technique of loading suffers from 
carelessness or lack of understanding. 

Whenever a load is applied to a material 
under test in such a way that one portion 
of the specimen carries more of the load 
than another, failure will occur in the locale 
of the higher stress, other things being 
equal. The tensile test may be cited as 
one where unequal loading is frequently 
encountered. In this test, if completely 

self-aligning grips are not employed, or if the specimen is inserted so 
that its axis of symmetry is not parallel to the direction of the applied 
force, the stress pattern will also lack symmetry and stress concentra¬ 
tions will be aggravated. 

Shape Factors.— Stress raisers are only one class of modifying agent 
that influence the test values, depending upon the geometrical outlines of 
a specimen. It may be taken almost as a truism that any dimensional 
variation in the forming of a specimen from a given material will introduce 
changes in the test results. Only a few exceptions to this rule occur, such 
as in the measurement of specific gravity and of surface characteristics. 
It is therefore usually to be anticipated that such other specific properties 
in mechanical testing as the ultimate strength, yield stress, impact 
strength, etc., will vary with varying dimensions. Similarly, variations 
of electrical, thermal, and optical properties will be encountered when 
the dimensions of specimens suitable for these tests are altered. Although 
it has been pointed out earlier that part of these changes are traceable 



Fig. 19.—Weakening effect 
of stress raisers. The specimen 
illustrated is weak when tested 
as shown and is strengthened by 
removal of the shaded volume. 
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in plastics to differences in cure and other modifications in the technique 
of fabricating specimens, this is not the whole story; there remain other 
factors of doubtful origin which make themselves felt even in the testing 
of metals and ceramics. 


The customary dumbbell-shaped tensile specimen is subject to change 
in its properties as affected by change in length and in thickness. It 
is found when testing specimens from an identical source, varying only 
the length of the specimen, that the tensile strength will decrease as 
the test length increases. This phenomenon can be shown to be a direct 
result of the increasing probability of encountering successively weaker 
portions of the flaw structure when the testing length is increased. The 
standardized tensile specimen provides a testing section of fixed length 
which is sufficient to promote uniform stress distribution and also to 
provide for attaching gauges for the measurement of elongation (strain 
gauges). 

Increasing the thickness of tensile specimens obtained from a uniform 
source of material will in most cases be found to reduce the tensile 


strength. Although the reason for this is not too clear, it is believed to 
result from the inability of stresses to distribute themselves in the test 
section. This theory appears plausible when it is realized that the entire 
applied load must be transferred to the specimen through grips which 
grasp, not the entire volume of the end tabs, but merely the suifaces to 
the depth of indentation of the serrations of the gripping surfaces. From 
this locale, it is necessary for the high level of stress to be dissipated by 
means of strains produced in the material, in order that the stiess be 
distributed uniformly before the test length is reached. It follows from 
these criteria that, for a given material under test, increasing thickness 
should be accompanied by a concordant increase in length and width of 
the specimen. Within the usual limits of thickness of plastics specimens, 
however, the other variations produced by change of length and thickness 
are considered to have a larger effect on test results. Therefore only 

two standardized sizes of specimen are customarily employed. 14 

Similar dimensional effects are found to be present in the compressive 
test. In this instance, flaw structure is less important, hence dimensions 
are frequently adjusted on a relative basis through the use of a parameter 
known as the slenderness ratio, which is maintained constant within 
practical limits. The slenderness ratio is obtained by dividing the 
total length of the specimen by its least radius of gyration. 15 For tests 
where it is necessary to determine the ultimate compressive strength 
the slenderness ratio is adjusted to approximately 0 to 15. On 
other hand, in the investigation of the properties of long columns co 
pressively loaded where buckling denoted failure, the slenderne 
may be a" large as 100 or more. 15 Obviously, both for compressive and 
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tensile testing, changes in length should be accompanied by an equivalent 
change in the rate of elongation or compression in order to maintain a 

substantially constant rate of straining. 

From a theoretical standpoint, the ideal shape of a compressive 

specimen is cylindrical. However, for many compression-molded 

materials and laminates, it is more convenient to test a specimen ol square 

or rectangular section. Changes in these proportions will also have an 

effect upon the mechanical properties derived, but the compensating 

advantages in ease of preparation are sufficiently great to promote the 

extensive use of the latter shapes. 

The effect of dimensional change can be extended also to include 
flexural testing. When plastics are tested as simple beams supported 
near either end and loaded at the center, it has been argued that the 
ratio of the supported span to the depth or thickness of the specimen 
should remain constant. Although, within practical limits of this 
parameter, the effect of changes in its magnitude have not been definitely 
established, the most customary values employed are found within the 
range of 8 to 20. Evidence has been brought forward to indicate that 
the modulus of elasticity and the ultimate strength decrease slightly 
with increasing span-to-depth ratio. The latest standard method of test 
provides also for constant rate of straining (computed) by calling for a 
rate of crosshead motion of the testing machine which depends on the 

span and the thickness of the material. 

The width of a flexural specimen is also restricted within a preferred 

range. There exists a practical limitation which sets the minimum 
width in view of the difficulty of standing too narrow a strip of material 


on edge, and a theoretical limit on the maximum width because of the 
encroachment of this test into the field of plate buckling when the 

width becomes sensibly greater than }/% of the span. 

The effect of change in dimensions in the foregoing mechanical tests 
at low rates has been investigated extensively, and explanations have been 
developed which account for the variations observed. In the impact test, 
however, the very speed at which the specimen is loaded and caused to 
fail makes it difficult to analyze the factors involved. It is well known, 
nevertheless, that although static tests can be used in some instances to 
predict the impact behavior of plastic specimens having simple dimen¬ 
sions, such as an unnotched test bar, 17 where more complex shapes are 
employed to gain some knowledge of the effect of angles and fillets, 
deductions from static tests cannot readily be made. 

When testing standard notched impact bars, it is necessary to employ 
fixed dimensions within close limits. This is imperative because of the 
difficulty that has been encountered up to the present time in relating 
the impact strength of various sizes and contours of specimens through 
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a satisfactory relationship derived from mechanical analysis. The effect 
of dimensions and sizes and shapes of notches has been investigated, 18 ' 19 
but although satisfactory relationships have been worked out for certain 
types of materials, the underlying theories in each case have been found 
not to be generally applicable. 

Effect of Restraint.—At the beginning of the discussion of mechanical 
tests, it was stated that materials could be tested under combined stresses 
or could be stressed by means of pure axial or shearing forces. Actually, 
the concept of a pure stress for axial and shearing loads is a simplification 
that may be misleading. Although axial tensile and compressive stresses 
and shearing stresses are pure in the sense that they are well defined and 
controlled, none can exist by itself. The phenomenon that sets up 
parasitic stresses within the material other than those in the direction of 
the external load is known in mechanics as restraint. When a specimen 
is loaded in compression, it tends to expand sideways and there results 
from this expansion a restoring force directed toward the center of the 
specimen, thus applying a compressive stress at right angles to the exter¬ 
nal load. The resultant of the primary and the parasitic stresses which 
thus exist simultaneously will be such that shear will be produced at some 
angle usually close to 45 deg. to the axis of the specimen. The same 
phenomenon exists in reverse in the tensile test. Thus secondary tensile 
forces are produced, and again shearing is encountered. Whether or not 
a tensile specimen fails because of the primary tensile stress or because of 
the induced shearing stress will depend upon the relative magnitude of its 
ultimate tensile strength as compared with its shearing strength. It 
will thus be found for some materials that a tensile specimen will snap 
almost straight across, indicating tensile failure, while others will break 
at a definite angle to the axis of the specimen exhibiting a shear type of 
failure. As a corollary, it may be said that many plastics that are ductile 

in shear are brittle in tension. 20 

The inverse of these conditions holds for a test where the primary 
load is applied in shear. The secondary forces here will be both tensile 

and compressive. 

An additional form of restraint is encountered in testing arising from 
the way in which the material under test is gripped or supported. In a 
flexural test the primary stresses are in tension and compression, but 
shear is also introduced by the supports that form the span and also by 
the loading nose. 21 In compressive testing, the ends of the specimen that 
press against the loading platens are prevented by friction from broaden¬ 
ing in the same manner as the central section. This end restraint can 
be seen in a specimen that behaves in a ductile manner under compressive 
loading. Such a material when highly compressed assumes a barrel 
shape. In the latter instance, the end restraint distorts the normal shear 
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pattern found throughout the remainder of the test length. For this 
reason, compression tests require a minimum slenderness ratio of about 

10 for the specimen to provide satisfactory data. 22 

Effect of Speed of Testing.—In an earlier paragraph, the effect of 
increasing speed of testing was touched upon. Inspection of many of the 
standard tests used for plastics shows that one of the primary variables is 
that of the rate or duration of application of load. Thus at the lower end 
of the scale are found creep or cold-flow tests and, at the other extreme, 
impact tests. Intermediate between these are many short-time static 
tests, so-called, where the rate of straining may vary from a few 
hundredths to 15 or 20 per minute. 

Where the load is applied slowly or for long periods of time, any 
tendency of a material to deform viscously or plastically is accentuated, 
emphasizing ductile failure. At high rates of testing, such relative long¬ 
time processes are subordinated and brittle fracture associated with 
elastic deformation predominates. 

In going from a very low to very high rates of testing, three types of 
control of the rate of stressing are found. For creep tests, it is usually 
found that a fixed load is applied and that the resulting deformation is 
measured. 23-25 In short-time static tests, either the load or the elonga¬ 
tion are increased at a constant rate. Although it can be seen that this 
method of load application is perhaps the least similar to conditions of 
service, the utility of the results so obtained has been demonstrated 
time and again, and the relative speed and simplicity with which data can 
be obtained make this method of investigation popular. In impact test¬ 
ing, another form of rate control is customarily employed. Here a 
pendulum or hammer is accelerated to a controlled velocity immediately 
prior to its striking the specimen and, in contrast to the slower tests, no 
information is obtained regarding the rate of stressing or straining, either 
of which is extremely high. It has been found to suffice for this very 
important class of testing to maintain the condition constant by specify¬ 
ing the mass of the hammer and the velocity of the impact. These two 
constants of the test are customarily combined in the equation for the 
kinetic energy of a moving body: 

E = y 2 MV* (4) 

The impact strength of a plastic is therefore measured in terms of the 
energy removed from the swinging pendulum during the process of frac¬ 
turing a test bar. Immediately prior to the impact, the pendulum has 
a velocity Vi; after fracture has taken place, the pendulum will be found 

to have a smaller velocity V 2 . The energy absorbed during the impact 
is therefore 


El = y 2 M(V\ - VI) 


( 6 ) 
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The velocity of the pendulum immediately before the impact is acquired 
by allowing the pendulum to swing freely from a predetermined height- 
its velocity immediately after impact is measured in terms of the height 
to which the pendulum swings upward. 

Table I has illustrated qualitatively that the effect of increasing the 
rate at which the test progresses is to increase those properties which 
affect the elastic behavior of a plastic and to minimize the effect of the 
plastic and viscous properties. The net effect for materials whose 
behavior includes both elastic and nonelastic reactions is to increase the 
tendency for brittle fracture to occur as the speed of the test increases. 

Effect of Testing-machine Characteristics.—Earlier in this chapter 
it was stated that the short-time static tests were preferably performed 
at a constant rate of stressing or a constant rate of straining and that the 
latter procedure is the more generally preferable. These desiderata are, 
as a matter of fact, very rarely encountered in the general run of labora¬ 
tory testing. There are, of course, sound practical and theoretical 
reasons why this should be so in some instances. For example, it is obvi¬ 
ous that a testing machine which provides constant rate of loading does 
not ensure that the specimen is undergoing a constant rate of stressing. 
As has been previously pointed out, the shape and method of supporting 
the specimen frequently act as the limiting factors. Similarly, a constant 
rate of relative motion of the specimen supports cannot guarantee a 
constant rate of straining. 20 * 

The above comments apply to high-grade testing machines which are 
admirably suited to testing the widest variety of materials. 26 Less 
expensive instruments are obtainable which generally reflect their 
economy of cost by sacrificing versatility. These machines, in general, 
do not provide for a constant rate of stressing or straining and may not 
even permit the utilization of a constant rate of loading or a uniform 
rate of motion of the loading member. Many, nevertheless, are per¬ 
fectly satisfactory for testing limited classes of materials. Hence plastics 
that are not sensitive to the rate at which the test progresses, and highly 
extensible rubberlike compounds, are frequently tested in machines that 
employ a directly connected pendulum-load-indicating mechanism. 
These instruments, which customarily operate in the low load ranges 
(< 500 lb.), provide neither constant rate of loading nor constant rate 
of relative jaw motion. For their limited purposes, this criticism is not 
serious, since all tests are performed on a relative basis for investigating 

a narrow range of material types, e.g., rubber. 

An expression is sometimes employed in comparing testing machines 

* Recently, however, strain gauges have been developed which are capable of 
controlling the rate of travel of the loading member of the testing machine in order to 
achieve a substantially constant rate of straining in the specimen. 
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in which one machine will be typified as “softer” or “stiffer” than 
another. This terminology relates to the structure of the machine with 
regard to the way in which the machine itself undergoes strain while 
loading a specimen. If a testing machine operating close to its maximum 
load is deformed through its members to the same extent as the specimen, 
then the actual rate of straining of the specimen is only one half of that 
assumed from the unloaded rate. Likewise, approximate measures of 
modulus of elasticity to be derived from the rate of crosshead motion 





Universal 


testing marliine for measuring stress and strain characteristics of sheet, 
molded, and laminated plastics. (T ini us Olsen.) 


will be in error by a factor of 2. A stiff machine, on the other hand, 
will undergo elastic strain at its maximum loading which amounts to 
only a small proportion of that experienced by the specimen. Errors in 


rate of testing or in assumed deformation will be correspondingly smaller. 

Figure 20 illustrates a popular make of universal testing machine 
for stronger plastic specimens. Attachments permit autographic record¬ 
ing of load and strain and control of rate of testing. In the low-load 
ranges for thin sheet and film plastics the tilting-table machine shown in 
Fig. 21 provides for uniform loading rate and autographic recording of 
load and elongation. This apparatus can be caused to operate cyclically, 
drawing hysteresis curves for a specimen. 
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Machines for testing impact strength of plastics may likewise be 
classified with respect to their behavior during the test. The most 
widely used pendulum testers (Fig. 22) employ either a rigidly supported 
vise in which an Izod* specimen may be clamped or heavy supports for 
performing the Charpy* test. The pendulum is then released by a trigger 
from a sufficient height to provide the required kinetic energy and veloc¬ 
ity at the striking edge upon impact. 

The pendulum test as applied to plastics is a carry-over from metals 
testing. Necessarily its use in the plastics field required that the mass 
of the pendulum be drastically reduced. As a consequence, most plastics- 
testing pendulums are constructed to have a rated kinetic energy of 2 to 



y ui 21.—Constant rate of loading testing machine for low ranges, suitable for thin sheet and 

fibers. (American Cyanamid Company .) 

16 ft .-lb. This energy range is ideal for measuring the impact strength 
of the stronger so-called “impact-type” plastics. These materials 
comprise rag- and cord-filled molding compounds and canvas and glass- 
cloth laminates. A tendency has arisen, however, to apply this 
machine incorrectly to materials of lower impact strength such as 
general-purpose phenolics, ureas, and melamines, bnttle thermopks ics, 
and nonfibrous mineral-filled molding compounds. Here the large 
energy content of a 2-ft.-lb. pendulum serves only to mask the tru 
strength of these less impact-resistant plastics. It has long been rec g- 
ni zed, 27-30 but has only recently been publicized that the^n^ 
tion of the impact strengths of these materials demands that the en gy 

* The Izod specimen is clamped at one end and 

Z ::=r^ - X r 0 ,, 

Either specimen may be tested with or w.thout a notch. 
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rating of the testing machine exceed only slightly the impact strength 
of the material under test. Numerous modified techniques have been 
employed as described in the above references. Those include falling 

weights, steel 'balls, and pendulums of low energy content. 

Fatigue tests may be performed in as many different ways as there 
are for static testing, namely in tension, compression, torsion, and flexure. 
However, the most widely used method is the latter. The flexural 
fatigue test, in turn, may be subdivided into two types, those of constant 
deflection, and those of constant load. The constant deflection test 



Fig. 22.—Pendulum impact tester 
(2 ft.-lb. capacity), set up for load test. 
(American Cyanamid Company .) 



Fig. 23. —Specimen of Triangular 
Test Area used in constant-strain fatigue 
tests. (American Cyanamid Company.) 


requires the simplest equipment for its operation and has long been used 
for materials of relatively low ultimate strain. This test generally 
employs a sheet or plate specimen, machined to yield a triangular out¬ 
line in the stressed part (Fig. 23). The specimen is flexed repeatedly 
at the narrow end, while the broad end is clamped. The customary 
procedure for performing the test requires impressing a repeated flexure 
of constant amplitude on the specimen and of counting the number of 
flexes sustained up to the point of failure (Figs. 24, 25). The constant¬ 
load fatigue test subjects the specimen to a stress which is independent 
of its deflection or of any change in its deflection during the progress of 
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Fig. 24. —Constant-strain flexural-fatigue machine with specimen in place. (American 

Cyanamid Company.) 


the test. Two well-known methods are employed for obtaining this 
condition. One makes use of the specimen as a rotating beam clamped at 
one end in a spindle and having the required weight hung from the other 


extremity on a bearing. The sec¬ 
ond method is applicable to sheet 
or rod specimens and employs the 



Fig. 25.—Curve of maximum stress (a) 
versus number of flexes to fail (N) for a 
typical plastic. 


principle of a mechanical vibrator 
operating at resonance and trans¬ 
ferring its vibrations to the speci¬ 
men in the form of flexural 
tensile-compressive, or torsional 
stress, depending on the method 
of clamping. 31 

STATIC TENSION TESTS 

The performance of a tensile 
test involves the correct combina¬ 


tion of variables of theory and technique which will result in obtaining 


data of interest. 

Earlier paragraphs have dealt with the theoretical concepts of defor¬ 
mation of a material under stress, and the effects of rate of testing, 
asymmetry, and stress raisers have also been pointed out. This and 
the following sections will therefore be concerned with the details o 

technique in carrying out the test. , , 

The method of preparation of a plastic tensile specimen depends o 

its choice upon two considerations: (1) the form in which the material is 


TESTING METHODS 


423 


obtained and (2) the data to be derived. If a molding material is to be 
tested, it may be molded directly to either of the shapes shown in Fig. 5. 
Specimen a is the easier to mold, but can be used only for determining the 
breaking strength, since there is no central length of uniform cross 
section in which strain can be measured. Specimen b is suitable for 
obtaining stress-strain data, for running creep tests, etc., but is difficult to 
mold from some materials. However, this shape may be machined from 
a flat molded plate in the same way that laminate specimens are prepared. 
Ordinary machining on a miller or profiling is satisfactory for general- 
purpose molding compounds and paper- or cloth-base laminates, but for 
mineral or glass-cloth filled plastics, a cutting tool faced with tungsten 
carbide is almost a necessity. Another successful procedure for materials 
that are difficult to machine by ordinary methods makes use of a motor- 
driven sanding belt and suitable jigs and templates. Whatever method 
of preparation is used, it should not seriously affect the inherent qualities 
of the plastic. This implies that the molding cycle for producing molded 
specimens should be very closely controlled and that machining should 
not overheat the sample or produce cracking, delamination, or finishing 
defects. In all cases, the direction of machining should be parallel to 
the direction of loading. 

Before and after the preparation of samples, the plastic should prefer¬ 
ably be kept under controlled atmospheric conditions, unless the effect 
of its past history is under investigation. The usual storage conditions 
for plastic specimens has been established at 25 ± 1°C. and 50 + 2 per 
cent relative humidity. This condition, which is rapidly supplanting the 
earlier loose statement that “storage was at room conditions,” may be 
obtained in a closed container at 25°C. into which has been placed in a 
tray a saturated solution of Ca(N0 3 ) 2 -4H 2 0, or a solution of sulfuric 
acid in water to give a density of 1.34. Any desired subsequent condi¬ 
tioning may then be employed immediately prior to testing. By 
following such a well-controlled conditioning procedure, variations in 
test values arising from this source may be minimized. It will then be 
possible to examine under the best circumstances the variable that is of 
primary interest. 

In performing the tensile test, it is only possible to measure the total 
load applied to the specimen; the resulting stress is an inferred value 
which is obtained, under conditions of uniform stress distribution, by 
dividing the load by the area of the cross section. This computation 
requires that the width and thickness of a rectangular specimen or the 
diameter of a round specimen be measured as accurately, on a propor¬ 
tional basis, as the load can be read. It can be understood that soft 
materials, which deform readily while being measured dimensionally, 
and thin films may require extremely careful measuring technique. In 
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most cases, however, a micrometer caliper accurate to 0.0001 in. will be 
adequate. 


The most widely used grips for tensile tests are wedge-shaped, in 
order that the increasing load will cause them to grasp the specimen more 
firmly (Fig. 26). In order that they may operate to best advantage, it is 


necessary that the serrations on 
hardened and that the points of 



Fig. 26.—Close-up of self-tightening 
(wedge-shaped) tensile grips, specimen 
and recording strain gauge in place. 
(Baldwin-Southwark photo.) 


their gripping surfaces be sharp and 
the teeth lie in the same plane. If 
these requirements are met, the tab of 
the test specimen will be uniformly 
held and the load will be distributed 
over the largest possible area. Any 
tendency for the specimen to slip in 
the jaws will be thereby reduced. 

Other types of grips are employed 
for such forms of plastics as rods and 
tubes, 32 films, and fibers. Films are 
usually grasped between clamped flats 
in order not to initiate tearing, and 
fibers are wrapped at each end around 
a smooth cylinder to reduce failure by 
pinching. 

Strain gauges, of which there are 
many, 33 operating on mechanical, 
optical, electrical, and magnetic prin¬ 
ciples, are attached near the center 
of the uniform test length. Those 
which make contact with the specimen 
through points or chisel edges must 
be applied with care to plastics that 
are scratch sensitive, for the indenta¬ 
tion at the point of contact will for 
many materials produce the eventual 
fracture at that place. 


The remainder of the tensile test consists of fitting the specimen into 
the grips at either end, attaching a strain gauge if desired, operating the 
testing machine at a preferred rate, and making observations of the load, 
elongation, yield point,* breaking point, and any other pertinent data. 


COMPRESSION TESTS 

Two types of compression tests may be performed, depending upon 
the kind of information desired. For determining stress-strain data and 

* For engineering purposes the yield point is often quoted as the stress correspond¬ 
ing to a certain strain departure of the curve from the linear portion extrapolated. 
Thus the 0.2 per cent yield stress is measured at an inelastic strain of 0.002. 



TESTING METHODS 


425 


ultimate strength a short column with a slenderness ratio of 10 to 15 is 
usually employed.* When strain gauges are to be attached, the length 
should be at least 2 in., to measure strain in the center inch. Some 
thermoplastics, such as polystyrene, deform so greatly in compression 
that bulging at the center greatly changes the cross section. The stress- 
strain curve based on the original dimensions therefore shows an inordi¬ 
nate rise which has little or no significance. For materials with this type 
of behavior, there is no object in quoting ultimate strength, and a yield 


strength should be determined instead. 

“Long-column” compression tests are per¬ 
formed to detect an unstable loading point 
where the column buckles without permanent 
damage. The critical stress thus obtained is 
of value in the design of such engineering ele¬ 
ments as compressively loaded aircraft mem¬ 
bers. 34 In the long-column test, the conditions 
of support of the ends (“end fixity”) is an 
important factor. 

Uniformity of load distribution, as affected 
by curvature of either the long or the short 
specimen, and the degree of parallelism of the 
ends of the short type will have a large bear¬ 
ing on the data derived from the test. It is 
customary to machine or mold the short speci¬ 
mens so that the lack of parallelism of the 
ends produces a maximum difference in length 
which is only a minor portion of the total 



deformation at yield. For materials that do 
not undergo much strain before failing, a 
spherically seated platen has been used whose 
self-aligning characteristic eliminates the ef¬ 


Fig. 27.—Compression 
tool with specimen and strain 
gauge in place. ( Baldwin - 
Southwark photo.) 


fects of slight lack of parallelism between the ends. This platen 
should not be used, however, for plastics that deform greatly since it 
promotes inelastic buckling. 


The rate of deforming the specimen will depend to a certain extent 
upon its length, in order to employ a substantially standard rate of 
straining. However, for the customary lengths of 1 to 2 in., two con¬ 
venient rates of deformation of 0.05 and 0.20 in. per min. have been 
adopted. 36 The standardized testing method also provides for the use of 

a compression tool to ensure that the load is applied in a truly axial 
fashion. 


* For a cylindrical compression specimen with a diameter of 0.5 in. and a length of 
1.5 in., the slenderness ratio is 12. 
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FLEXURAL TESTS 

Flexural testing makes use of a strip or bar of plastic supported 
as a simple beam, i.e., as a span resting on two supports near either end. 
The load is then applied at the center of the span by a wedge-shaped nose 
attached to the crosshead of the testing machine (Fig. 20). The contact 
edges of the supports and the loading nose are rounded to reduce local 
indentation of the test bar. Where the deflection of a plastic in flexure 
is assumed to be equivalent to the relative movement between the load¬ 
ing nose and the supports, indentation may introduce a large percentage 
of error. This error, which enters into the equation for the modulus of 
elasticity in flexure 

£ = < 6 > 


(where P is the total load, L the span, b the width, d the thickness, and 
A the deflection within the elastic limit) may be circumvented by 
measuring the deflection on the specimen itself. 

The stress exerted upon the top (compression) and bottom (tension) 
surfaces of a simple beam loaded at the center may be calculated for 
elastic deformation by 



This formula is -also used, somewhat incorrectly, for lack of any better 
method, to calculate the breaking strength (modulus of rupture) of 
materials that deform inelastically before failing. Another complication 
is introduced in that the same value of E or S will not be obtained for 
different sizes of L. This characteristic was treated in general earlier 
under the discussion of Shape Factors. Equations (6) and (7), there¬ 
fore, fail to describe adequately the experimental mechanics of flexural 

stressing, although they are theoretically correct. 

In the performance of the flexural test, it is obvious that the state¬ 
ments made for tension testing, regarding sample preparation and meas¬ 
urement, conditioning, etc., also are valid. 


SHEAR TESTS 


$ 


There are two simple and standardized types of shear tests 36 ’” that 
are designed only to permit measuring the maximum strength of either 
plastic rods or sheets. These “pin” and “punch” shear tests are so 
performed that it is not readily possible to measure the shearing strain 


accompanying the stress. 

In the first of these tests, a 


rod is machined so that it fits snugly into 
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the hole of a steel three-plate tool. The hole passes through all three 
plates so that the plastic rod is held firmly by the two outside plates 
while the center plate is pulled out from between, thus shearing the rod 
in two places. The procedure for testing sheet material involves 
clamping the specimen over a hole into which can be slid a closely fitting 
plunger. Upon pushing the piston through the specimen and into the 
hole, a wafer is sheared out. In both instances, the maximum shearing 
stress is computed by dividing the maximum load by the area of material 

sheared. For the pin test 



where d is the diameter of the plastic rod. For the punch test 


T max 


P max 

7r bd 


(9) 


where b is the thickness and d is the diameter of the plastic wafer sheared 
out. 

For more complete information concerning stress-strain relationships 
in shear, it is most useful to apply the stress in torsion on a rod or tube ot 
circular cross section. 


IMPACT TESTS 

The most frequently used procedures for performing impact tests 
on plastics have been described thoroughly in the method put forth in 
the A.S.T.M. 38 These make use of an instrument that consists of a 
steel frame carrying on its base a clamp or support for the specimen and, 
between two uprights, a pendulum which can be released from the proper 
height. T his instrument, which is shown in Fig. 22, is also equipped with 
a scale reading from zero to the maximum energy capacity of the pendu¬ 
lum. A needle of light weight and having sufficient friction to hold it at 
any point on the scale can be rotated concentrically with the pendulum 
and is caused to move upward on the scale by the swing of the pendulum 
past the point of impact. When properly adjusted and with a specimen 
in place, the pendulum when hanging vertically touches the plastic bar 
lightly and moves the needle to the reading on the scale indicative of the 
maximum capacity. The zero reading of the scale is that position to 
which the needle is pushed when the pendulum is swung upward to an 
angle equal and opposite to that from which it is released. 

To calibrate the machine, the needle is placed opposite the maximum 
reading and the pendulum is released. Friction of the needle and the 
pendulum bearings as well as windage losses will result in a maximum 
deflection not quite sufficient to raise the needle to zero reading. This 
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residual loss is compensated for in making impact-strength measurements. 
The pendulum is so constructed that the largest portion of its mass is 
concentrated near the outer end and the striking edge is so located that 
it lies at the center of percussion. By allowing the pendulum to oscil¬ 
late freely to and fro, it is possible to make calculations based on the 
period of oscillation from which the correct position of the striking edge 
may be computed. 

Two types of specimens may be employed in performing the impact 
test. These have been referred to previously and are known as the 
Charpy and Izod specimens. Either specimen may be tested as a plain 
rectangular bar approximately 34 in. wide by 34 in. thick or as a notched 
bar, in which case the specimen is molded or machined so that a 45-deg. 
notch with its apex rounded to a radius of 0.01 in. is formed in one face. 
For the Charpy test, this notch is located in the middle of a bar that is 
5 in. long. The specimen is then placed on the supports in the machine 
with the notch facing away from the blow, i.e., on the tension side of 
the bar. For the Izod test, two notches may be used in one 5-in. bar, 
each located 134 in- from the end. It is therefore possible in the Izod 
test to obtain twice as many measurements per sample as for the Charpy 
test. 

When testing an Izod bar, it is placed firmly in the clamp with the 
notch facing toward the blow. This again corresponds to the tension 
side of the specimen. The Izod specimen is then struck by the pendulum 
along a line across the 34 in. width and located 0.866 in. from the vise. 

There is no substantial difference in the relative relationships between 
the Izod and the Charpy tests, although of course the numerical results 
differ. In both cases, the impact strength of the plastic is given in terms 
of foot-pounds of energy per inch of width absorbed in fracturing 
the specimen. No relationship has yet been found which permits the 
practice of quoting impact strength in terms of foot-pounds per square 
inch by dividing the absorbed energy by the width multipled by the 
thickness squared. In view of this fact, the standard test requires that a 
fixed thickness of bar be used for either the notched or unnotched condi¬ 
tion of test but permits the width to vary, since this has been found to be 

approximately linearly related to the absorbed energy. 

The unnotched impact test is of interest in the study of the mechanics 
of impact behavior because of the ease with which it may be mathemati¬ 
cally related to fundamental constants which are easily established by 
static testing procedures. However, under these conditions, the devia¬ 
tion of single tests from the average for a number of tests of the same 
type of plastic will frequently be large. This results in part from the 
variable effect of scratches and other flaws on the phenomena of fracture 
propagation. The notched specimen introduces a stress raiser of fixed 
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and controllable dimensions which is sufficiently prominent to eliminate 
the contributions of uncontrolled flaws. In addition, the notched test has 
found increasingly wide use because of its close correlation with the 
service behavior of commercially molded pieces containing angles, 
changes of dimensions, fillets, and similar complexities of commercial 

structures. 

Upon performing a test, the pointer is placed over the maximum 
scale reading, the specimen is located correctly, and the pendulum is 
released. Because of loss of energy from the pendulum in performing 
the impact test, its velocity and therefore its height of swing past the 
point of impact will be reduced. The needle will therefore indicate 
a value on the sinusoidally plotted scale, which indicates the energy 
absorbed in performing the test, plus frictional losses whose magnitude 
is known and which are subsequently subtracted. The corrected energy 
reading is then divided by the width of the bar to give the impact strength 
in foot-pounds per inch of width. 

There are two additional ways in which impact tests can be applied 
to plastics. Neither of these has found the wide use of those previously 
described, although their importance may be expected to increase. One 
of these tests applies the blow to the specimen in tension rather than in 
flexure. The same pendulum apparatus is used that was described above, 
but special attachments are required in order to hold the specimen in 
such a way that the pendulum will apply a sudden tensile stress. This 
test has also been used for notched and unnotched specimens. The 
remaining testing procedure is applied to sheets and plates and primarily 
to transparent plastics which may find use as glazing materials. This 
test involves supporting a square sheet of the material in a suitable 
frame and dropping a metal ball vertically upon its surface from succes¬ 
sively and uniformly increasing heights until the sheet is shattered or 
punctured. The complexity of this test with regard both to mechanical 
theory and delails of technique is such that wide variation among a 
number of individual tests of the same material can be anticipated. 

HARDNESS TESTS 

It is well known by the use of such qualitative indicators as a pointed 
probe that the wide range of plastics available today can be obtained 
with many degrees of resistance to such types of deformations as indenta¬ 
tion, scratching, and abrasion. Well-controlled tests have been devised 
for rating quantitatively the characteristics of resins with respect to these 
various influences. 

Possibly the most widely used hardness test concerns the indentation 
of a hard object into the surface of a material. For this reason, the well- 
known Rockwell, Brinell, and Meyer 39 tests have been carried over from 
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the metal trades into plastics. Of these, the Rockwell test has enjoyed 
the greatest popularity (Fig. 28). Certain modifications were necessary 
in making these tests suitable for plastics. The load to be applied was 
reduced, and the size of the indentor was increased. As a result of the 
difference in behavior in plastics as compared with metals when under¬ 
going indentation, a modification of the now standard technique 40 has 
been suggested. 41 

Resistance of plastics to scratching has been of great interest because 

of the use of some materials for such 



Fig. 28.—Standard Rockwell hard¬ 
ness machine. (American Cyanamid 
Company.) 


purposes as tableware, table tops, and 
decorative surfacing of restaurant fur¬ 
niture and household accessories. A 
test has been devised for measuring the 
relative scratch resistance by drawing 
a sharp hard point of carefully con¬ 
trolled dimensions slowly across the 
plastic surface while maintaining a con¬ 
stant load on the point. Thereafter, 
the hardness of the surface is rated in 
terms of the width or depth of the 
scratch so produced. 

Another category which has made 
its appearance under the general head¬ 
ing of hardness testing is that of the 
resistance of plastics surfaces to the 
abrading effects of such things as wind¬ 
blown sand and dust. A standard 
test method that takes cognizance of 
these effects has been devised. 42 In 
this test, fresh sharp grains of silicon 
carbide of definite mesh size are allowed 
to fall upon the surface. The effect of 
this action on the plastic is measured 


optically by a glossmeter by determining the reduction in gloss on the 

surface produced by successive increments of falling abrasive. 

Over a Avide range of plastics, each of the above tests Avill rate the 
materials in a different order, thus indicating clearly that different 
mechanical principles of degradation are involved in each instance and 
that, until a satisfactory theory has been developed, it will be necessaiy 
to use one or all of these methods, as the anticipated use indicates. 
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CHAPTER XXI 


TESTING METHODS ( Continued) 

By Charles R. Stock 

Stamford Laboratories, American Cyanamid Company, Stamford, Conn. 

ELECTRICAL TESTS. DIELECTRICS 

Any material that is substantially a nonconductor of electricity 
may be termed a dielectric. Because of the inability of such a material 
to equalize by a flow of current a charge distribution to which it is sub¬ 
jected, it becomes a retainer of “static” electricity. Hence when, by 
means of some sort of voltage generator, a potential is applied across 
such a medium, the electrostatic field cannot produce a continuous 
drift of free electrons, as in a conductor, but merely distorts the force 
field of the atomic structure of the medium. The act of distortion is 
accompanied by a temporary flow of current in the circuit that supplies 
the electromotive force, and the resultant capacitive storage of electricity 
determines a property of the dielectric called its dielectric constant. This 
is the typical performance of a condenser, in which mica, thin paper, or 
air is the dielectric. When the source of potential in the circuit is replaced 
by a resistive load, the energy storage represented by the strained condi¬ 
tion of the dielectric will reappear in the form of a, flow of current in a 
direction • opposite to the charging current. The total quantity of 
electricity returned to the circuit will be somewhat less than the original 
charge, owing to losses in the dielectric. 

The electric strain in the substance, which represents the storage 
of potential energy, comes as a result of two possible atomic and/or 
molecular responses to the force field. 

First there is an electric polarization of any atomic configuration, in 
which the average positions of the electrons and nuclei are altered, 
resulting in an increase in the potential energy of the atom. This change 
in configuration can be produced or removed with such great speed that 
it is easily possible for visible electromagnetic radiation to produce the 
effect. As a result, it is possible to detect the distortion of a beam of 
light, produced by the polarization phenomenon, and this is measured 
under the name of the “index of refraction.” At lower frequencies, 
encountered in electrical circuits, the polarizability determines a mini¬ 
mum value for the dielectric constant for a substance. 

The second response to an electric field is known as dipole orientation. 
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If the substance contains molecules that are asymmetric as to charge 
these molecules will act as though they consisted of two unlike charges 
separated by a distance l. The resulting “dipole moment” operates to 
orient the molecule in the field and thus aids in the flow of capacitive 
current. Unfortunately, the act of orientation also results in some loss 
of the energy introduced. Molecular dipole orientation is relatively 
slow as compared with atomic polarization, hence for substances con¬ 
taining polar molecules the dielectric constant always decreases with 
increasing frequency of reversal of the electric field.* 

The lag experienced by dipoles in attempting to follow the reversal 
of the field, and the resulting viscous dissipation of the introduced 
energy in the form of heat, results in a phase difference between the 
impressed potential gradient and the dielectric current. The phase 
angle (0) is readily measurable, and from the dissipation factor D, where 

D — cot 6 (1) 


and the dielectric constant, the loss factor can be determined, f 

Dielectric Constant. Dissipation Factor. Loss Factor—The dielec¬ 
tric properties of a plastic may be of great interest, not only because of 
its possible use as a dielectric in a condenser, but also because any insula¬ 
tor to be used in an alternating circuit will affect the circuit operation 
more or less depending upon the losses sustained by capacitive currents 
through the insulator and by the distributed capacities introduced 
between the “high” side of the circuit and ground. As the operating 
frequencies increase, the dielectric characteristics of the insulators 
become more and more significant. During a half cycle of alternating 
voltage, an insulator is charged and allowed to discharge. The quantity 
of electricity charged is directly proportional to the dielectric constant, 
while the fraction returned to the circuit upon discharge depends upon 
the dissipation factor. A larger dissipation factor indicates that a 
greater proportion of the charge will be lost as heat. In an oscillating 
circuit where currents are small, oscillation frequently cannot be sus¬ 
tained, since the Q or efficiency of operation of the circuit is lowered by 

insulators of poor dielectric quality. > 

Research investigations concerned with the relationship between 

molecular (as well as polymeric) structure and physical attributes o 

materials have made use of dielectric measurements as a tool, 

engineering procedures include it as a useful nondestructive test. 

Several fundamental methods have been devised for measuring 

* The dielectric constant is therefore not a fixed value representative of a g'’ 
material^ bat is dependent for its magnitude on the frequency of altemat.on of the 

voltage at which the measurement is made. dielectric constant, 

t The loss factor is the product of the dissipation factor and the dielectric 
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dielectric constant and the dissipation factor, 3 but probably the widest 
use is made of that in which the capacity and phase-angle characteristic 
of a condenser containing the material as a dielectric is compared with 
an air condenser. The dielectric constant at a given frequency may be 
determined in this manner from 



where e is the dielectric constant, C x is the capacitj^ of a condenser 
when the material is the dielectric, and C„ is the capacity of the same 



Fig. 1.—Assembly of oscillator (Q meter), susceptance variation unit, and vacuum-tube 
voltmeter (right to left) for dielectric-constant and dissipation-factor measurements up to 
50 X 10 6 c.p.s. (American Cyanamid Company.) 

condenser containing air* as a dielectric. The evaluation of e by the 
condenser method at various frequencies will employ different techniques, 
since no one circuit and procedure is eminently suited for an extremely 
wide frequency range. Thus, for frequencies of 25 cycles per sec. to 
5 X 10 6 cycles per sec., various bridge methods are satisfactory; from 
0.1 X 10 6 to 1 X 10 6 cycles per sec. a “ resistance-variation ” method 
may be used; from 0.01 X 10 6 to 100 X 10 6 the “ susceptance-variation ” 
method is suitable. 4 The choice of circuit and procedure will depend on 
the frequencies of interest as well as upon the precision required. For 
best precision over a broad range of frequencies, the susceptance-variation 
method is most useful, but the measurement must be made with a 
corresponding nicety of technique. Figure 1 illustrates an instrument 

* For high-precision measurements the reading is corrected for the presence of 
air since for a perfect vacuum, e' — 1.0000; while for air, t' = 1.0006. 
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adapted for susceptance-variation measurements up to 50 X 10 6 cycles 
per sec. 

At higher frequencies, 50X10 6 to 1,000X10® cycles per sec., a resonant 
circuit procedure is used similar to the susceptance-variation method, 
but the resonator is a tuned cavity 8 rather than a combination of coil and 
condenser. 

In the bridge circuits, D is measured in terms of the equivalent 
parallel resistance that must be placed across a pure capacitance to 
produce a phase shift equal to that introduced into the other arm of the 
bridge by the dielectric. For resonant-circuit ( e.g ., susceptance-varia¬ 
tion) measurement, the damping produced by D is measured in terms of 
the broadening of the resonance peak, i.e., by the drop in Q of the circuit. 

At frequencies up to about one megacycle (10® cycles per sec.), the 
mechanics of the contact between the electrode and the specimen is not 
too important as long as good contact is obtained. This is usually 
effected by coating the sample surfaces with petrolatum and applying 
metal-foil electrodes by rolling. If as much as possible of the petrolatum 
is squeezed out, the contact will be sufficiently intimate. At higher 
frequencies, however, the tenderly of current to flow on the surface 
of conductors (skin effect) and the importance of resistive losses makes it 
necessary to use electrodes of lower resistivity more intimately applied to 
the surface. This requirement can be satisfied by applying silver paint 
(not aluminum) or by using a metal spray. It is further necessary to 

make contact with these electrodes at their periphery. 

From the foregoing, the importance of testing specimens having 
smooth flat parallel surfaces is obvious. This is also important in the 
interest of obtaining accurate thickness measurements. For measure¬ 
ments up to 1 megacycle for most plastics, a specimen 4 in. square or 
round by % in. thick has proved satisfactory. For frequencies of 1 to 
100 megacycles, a 2-in. disk is preferred; it is then usually tested between 

electrodes 2 in. in diameter. 

Both the moisture content and the molding procedure for a specimen 
will affect its dielectric constant and dissipation factor. Usually, changes 
are most noticeable in the latter. The strongly polar molecules of water 
affect values most noticeably at the lower frequencies, diminishing rapidly 
in effectiveness as the frequency is raised above about 1,000 cycles per 
sec For this reason, the presence of moisture may be readily detected 
by low-frequency measurements and, if the characterististics of the plastic 
itself are to be evaluated, it is evident that the specimen must be dried 


th ° Re ifistivity.—With the exception of plastics that are made eiectncally 
conducting by incorporating large amounts of a conducting h ■«» « 

outstanding electrical characteristic of molded and laminated plastics 
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is their high resistance to the flow of current under an impressed potential. 
For this reason, thermosetting phenolics, ureas and melamines, and ther¬ 
moplastics such as polystyrene and the vinyl compounds find extensive 
use as dielectric insulators for electrical circuits. 

The flow of current through an insulator has been customarily 
measured in two parts, that which is carried through the interior volume 
of the dielectric, and that which flows substantially on the surface. The 
former is only slowly affected by external conditions, but the latter will 
depend very largely upon surface moisture and the state of cleanliness. 
Figure 2 is a schematic circuit diagram showing how R s the surface 



Fig. 2. Effective parallel-resistance circuit permitting volume and surface-leakage currents. 

resistance, and R v , the volume resistance, are effectively in parallel, so 
that the over-all or “insulation resistance” Ri is determined by 



RyRs 
R v + Rs 



Depending upon the particular material, both components may be 
significantly altered by moisture and temperature. 6 This arises in part 
from the formation of an electrolyte by solution in the absorbed water of 
minute amounts of ionizable compounds. These ions are capable of 

drifting slowly under a potential difference, thus constituting in them¬ 
selves a leakage current. 

Shortly after the impression of a direct voltage, an additional current 
will be found which has as its source the capacitive charging of the dielec¬ 
tric. This diminishes with time and eventually disappears, but for some 
materials the time required for disappearance of the transient may be 
of the order of 5 min. to several days. Testing for direct-current leak¬ 
age, therefore, requires that sufficient time be allowed to elapse before 
taking a reading, in order to exclude most of the latter component. 

The unit of resistance to current flow is the ohm. It is that resistance 
which allows one ampere of current to flow when a potential difference 
of one volt is placed across it. Most good insulators are measured in 
terms of a unit of resistance that is a million times as large, the megohm. 
In order to compare the insulating ability of dielectrics, the resistance 
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of a specimen is measured and converted to a specific value, called the 
resistivity, in terms of a unit length and cross section of the leakage path 
for volume resistivity, and of unit length and width of the surface for 
surface resistivity. 

Tests may be so set up that volume resistance may be measured 
almost independently of surface resistance, and the latter may subse¬ 
quently be computed from Eq. (3) by measuring the insulation resistance 
directly. Although many circuits have been used for measuring high 
resistances, probably the one most widely employed which is sufficiently 
precise and sensitive is that standardized by the A.S.T.M. 7 for measuring 
fiat disks. Here a guard electrode effectively eliminates surface-leakage 
currents from the measurement of volume characteristics. It is cus¬ 
tomary in this test to employ a direct or a rectified voltage of 500 to 


1 , 000 . 

Moisture affects the volume resistance only of pervious materials 
such as ceramics and some organic plastics; vitreous substances are 
unaffected. All classes of dielectrics, however, suffer with regard to sur¬ 
face leakage caused by moisture, or even an oil film. Materials exhibiting 
a naturally high interfacial tension with water are least, affected, prob¬ 
ably because of the inhibitive effect of the surface tension on the forma¬ 
tion of a continuous water layer. Many waxes demonstrate this behavior. 

Dielectric Strength. —The phenomenon of the rupture of dielectrics 
in an electrostatic field is akin to the mechanical procedure of determining 
the ultimate strength of a plastic specimen. (With reservations,-The 
comparison of mechanical and electrical reactions can be extended 
Thus the modulus of elasticity has as its inverse electrical counterpart 
the dielectric constant, and viscous creep can be likened to direct-current 
leakage ) As the potential gradient in an electrostatic field containing 
a dielectric substance is increased, dipoles are oriented more and more 
strongly and atomic structures are distorted to an increasing depe . 
This J the reaction that has already been considered with respect 

the measurement of dielectric constant and dttpatian 
in the latter measurement, the voltage gradient* is mamtamed at a 
low level whereas here it is increased to the point where the looser elec 
Irons are freed with sufficient vigor to promote the formation of a destru 
live current. Once a weakened path has been produced, the surrounding 

material is destroyed, forming a visible puncture. of the 

It is not readily possible to produce a uniform t 

potential gradient between two 

rial. At the peripheries o the opposmg acoacen ^ 

which induces preferential breakdown in the annular regio 

.The voltage gradient is the rate of change of intensity of the held at any point, 
in going from the positive to the negative electrode. 
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tor lying in this portion of the field (Fig. 3). Partially successful attempts 
have been made to reduce the localization of failure by rounding the 
edges of the electrodes, but the tendency still persists. 

Dielectric strength tests may be performed in air or under oil of good 
electrical characteristics, and both conditions are used. However, 
immersion in oil is the more usual procedure because of the inhibition 
of surface leakage, “flashover” (around the specimen rather than through 
it), and corona discharge. Because of the high strength and resistance 
of a good transformer oil, it is also possible to test specimens of smaller 
dimensions without flashover than would be possible in air, or several 




tiG. 3. Small high-voltage dielectric strength-testing unit for long-time tests. Sncri- 
men is shown between electrodes 

Cyaiiamid Company.) 


ready for immersion in tank of heated oil. (American 


tests may be practicable on a single larger specimen. Another advan¬ 
tage of an immersion liquid arises from the relative ease of obtaining a 
desired temperature at the specimen. The use of an oil bath has also 
foui possible defects: (1) It is claimed that the characteristics of a dielec¬ 
tric v hen immersed do not give an adequate picture of its performance 
in air, a diffeience that may be caused by a change in electrical stress 
distribution produced by a glow discharge in air, or that may arise from 
a difference in the dissipation of heat produced in air and oil by dielec¬ 
tric losses in the insulation under an alternating voltage. (2) For tests 
that require an appreciable length of time to complete, it is necessary to 
ascertain that the immersion liquid has no chemical or solvent effect on 
the dielectric. (3) Porous bodies should not be tested in a liquid that 
wi e absorbed. (4) The oil used for immersion degrades slowly with 
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use, and as its resistance falls and dissipation factor rises, the leakage 
currents may, for some methods of measuring the applied potential, 
make it appear that the material under test possesses a higher dielectric 
strength. 

Under any given set of testing conditions, there are four variables that 
will affect tne result, viz., thickness, temperature, frequency, and time. 
An increase in any one of these will tend to lower the specific resistance 
to breakdown of an insulating material. 

Although the dielectric strength is quoted in terms of the maximum 


over-all potential gradient, i.e., the potential difference per unit thick¬ 
ness of insulator,* this quantity is reminiscent of most previously dis¬ 
cussed measured properties in that it is not truly a constant of the mate¬ 
rial. 8 Thus a slab of plastic l A in. thick might fail at 100 kv. giving a 
dielectric strength of 200 volts per mil, while the same material reduced 
to a thickness of }{ 6 in. punctures at 30 kv., with a resultant apparent 
unit strength of 480 volts per mil. It is therefore apparent that com¬ 
parative evaluations of dielectrics must be made at equivalent thicknesses. 

The increased thermal agitation of molecules at higher temperatures 
makes it rather easier to initiate a disruptive cascade of ions that will 


produce breakdown. It will be found, however, that the sensitivity of 
plastics to this influence varies widely; in fact, in some instances an 
apparent increase in dielectric strength with increasing temperature has 
been observed. This usually arises from some defect in the method of 


measuring the actual voltage applied to the specimen. 

Increasing the frequency of the applied voltage tends to reduce the 

dielectric strength for the same reason as increasing the temperature. 
The loss factor of the dielectric accounts for the loss of energy in the form 
of heat for each cycle. With increasing frequency there are many more 
cycles per second and, as a result, more heat is produced per unit of time 
and the temperature rises. In testing a lossy material under normal 
room-temperature conditions and at power frequency, the specimen after 

the test will sometimes be too hot to handle. 

Depending on the frequency and the shape of the loss-factor curve, 

the temperature rise under test may be either self-limiting or self-acceler¬ 
ating. This will frequently determine the suitability of an insula ing 


material for a particular use. „ , 

In electrical as in mechanical testing, various rates o toting may be 

by applying a constant voltage for an indefinitely long time to produce 
failure, to raise the potential at a uniform rate, whic is 

procedure is by far the most extensively used for comparative testing, 

* This is usually given in volts per 0.001 in. (mil) or volts per millimeter. 
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but to obtain a measure of the dielectric strength for long periods of 
stress, the first method is most revealing. The dielectric strength in 
this case will for many plastics be approximately half of that measured 
by a short-time procedure. 

When the four factors of maximum anticipated thickness, tempera¬ 
ture, frequency, and periods of operation in service are considered, it is 
not surprising that an insulator which is rated in the standard test on the 
basis of a in. thickness, tested at room temperature and at normal 
power frequencies, and employing the customary short-time technique, 
will be engineered and designed to withstand about 10 per cent of its 
test strength. Obviously, however, for comparison and control tests 
it is not possible to expend the time and material involved in checking 
each batch for its long-time performance. The engineering criteria are 
therefore obtained on a stabilized commercial product from time to time. 

Arc Resistance. —In any apparatus where the possibility exists that 
an arc may be struck in air close to the surface of an insulating member, 
there is a chance that the insulator may become conducting, owing to 
the effect of the arc. For some inorganic bodies such as ceramics and 
glass, the conducting path may be temporary, resulting from the extremely 
high temperature localized under the arc, or may be a permanent con¬ 
ducting path in the material. Organic plastics also fail under an arc in 
two ways. The filler may provide a channel for current as in the case 
of fibrous asbestos, or the resin may be thermally reduced to carbon 
particles that permit a current to flow in the insulator. Any of the 
permanent types of failure makes the insulator worthless for any further 
use in view of the presence of the short-circuiting path. 

There are numerous ways in which an insulator may be subjected to 
the action of an electric spark or arc. The relative abilities of various 
insulators to withstand this action will differ, in general, depending on 
the conditions. For example, the commutator segments in an electric 
machine are separated by insulating wafers that experience an inductive 
“wiping” arc as the commutator rotates under the brushes. An auto¬ 
motive or aircraft distributor head contains electrodes across which 
jump, many times- a second, an intense high-voltage spark. 

The difference in relative arc-resistance behavior, depending upon 
the conditions of use, makes it desirable to test materials in a fashion 
that reproduces service requirements as closely as possible while main¬ 
taining a control over the variables involved. 10 However, when a fore¬ 
knowledge of the particular application is lacking, it is still of interest 
to be able to classify insulators broadly with regard to their ability to 
undergo exposure to an arc without being permanently damaged. An 
empirical measure of this characteristic is afforded by a standard test 11 
in which an arc is struck between two pointed electrodes resting on a 
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plastic specimen. The initial stages of the test are mild, but the severity 
increases stepwise until a conducting path is formed in the dielectric. 
The arc resistance is measured in terms of the elapsed time between the 
start of the test and failure of the specimen. 


OPTICAL TESTING 

The optical characteristics of a substance are those by which an 
incident beam of light is altered in such a way that the change can be 
detected by the eye. The sensitivity of modern optical instruments has 
broadened this definition, however, to include the measurement of 
changes that are not visually detectable. Thus, two colors that provide 
an identical stimulus physiologically are not necessarily similar in their 
spectral-absorption characteristics in the visible region.* 

When a beam of light traveling in a medium of lower index of refrac¬ 
tion (n) strikes an interface where the second medium has a higher refrac¬ 
tive index, as in the case of air (n = 1.00) and cellulose acetate (n = 1.49), 
any or all of the following changes will take place: 

1. A fraction will be reflected off the surface. The amount of sur¬ 
face reflection will increase with an increase in the refractive-index differ¬ 
ential, and also with an increasing angle of incidence. For grazing 

(90 deg.) incidence, all the light is reflected. 

2. The portion that enters the second medium may be scattered by 
dispersed particles of refractive index differing from the cellulose acetate, 
such as small air bubbles and pigment particles, or it may be partly 
absorbed by a substance such as a pigment or dye. For monochro¬ 
matic light, absorption will reduce only the intensity of the transmitted 
light, but if white lightf is used and the absorbing substance is more 
effective at some wave lengths than at others, the various wave lengths 
will be selectively absorbed. The transmitted light will then be colored 
by an abundance of those wave lengths which were not so strongly 
absorbed. Both diffusion and absorption may, of course, take place at 

the same time. , , 

3 A second interfacial reflection will take place at the surface of 

exit but in going from a higher to a lower refractive index there is a 
critical angle c beyond which total reflection is obtained. This angle 

may be determined from 


sin c = 


Ui 

n 2 


(ni < n 2 ) 


( 4 ) 


* The visible spectrum of electromagnetic radiation is 
proportion found in daylight. 
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The distribution of the incident light Q 0 may thus be described by 

Qo = RQo + TQ o + AQo (5) 


where the coefficients R, T, and A represent the reflection, transmission, 
and absorption factors, respectively. The sum of these coefficients equals 

unify- . . 

From the foregoing examination of the ways in which a medium such 
as a plastic can influence a beam of light, it can be seen that methods 
are required for measuring the fractions of the incident light that are 
reflected and transmitted and for determining the amount and direc¬ 
tion of scattering produced by a diffusing medium. In addition, selec¬ 
tive absorption should be measurable in terms of the wave length versus 
intensity (color) characteristic of transmitted and/or reflected light. 

Reflection and Transmission.—When a ray of light strikes a surface 
of a nonmetallic substance, the reflection at the surface for normal inci¬ 
dence is given by 




(n 2 - n i) 2 

(n 2 + «i ) 2 



This equation therefore defines the minimum reflection from a plastic; 
depending upon the amount of light reflected from the second surface 
of a transparent specimen which eventually is returned through the 
first surface, an additional contribution will be made. If no absorption 
takes place, the total reflection of a clear plastic will be approximately* 


D _ 8/iin 2 (n 2 — ni ) 2 

(n 2 + ni y 



Mediums that scatter light sensibly add the light that is scattered 
backward to that coming from the surface of the specimen, thus increas¬ 
ing the total amount of reflected light. That which arises from internal 
scattering is termed body reflection. For resins heavily loaded with 

white pigments, the total reflection factor -will be as high as 0.8. 

# 

Light-scattering materials are also measured by a geometry of illu¬ 
mination and viewing that does not measure the total reflectance, but 
eliminates front surface reflection when this surface is optically smooth. 
By thus evaluating only the body reflection, an estimate of the appear¬ 
ance of objects as they are most often viewed can be obtained. This 
quantity, which is known as the apparent reflectance, is defined as the 
reflectance that a perfectly diffusing surface would need to possess in 
order to appear as bright as the specimen under the same illuminating 
and viewing conditions. 12 Hence to measure total reflectance for a given 

* The right-hand side of Eq. (7) is multiplied by (1 + k ) for exact representation, 
but for most materials k < 0.02. For a clear, nonabsorbing plastic of n = 1.5, meas¬ 
ured in air, R, = 0.040 and R 2 , = 0.078. 
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condition of illumination, it is necessary to measure all the reflected light 
as compared with the incident light, whereas to measure apparent 
reflectance for a given condition of illumination and viewing, the bright¬ 
ness of the specimen is measured and compared with that of a perfectly 
diffusing and reflecting surface.* 

The transmission factor of a plastic is measured by obtaining the 
ratio of the incident light flux to the total transmitted flux. In general 
the value obtained will depend both on absorption and diffusion in the 
specimen, the latter increasing both reflection and absorption at the 
expense of transmission. For a plastic that absorbs or scatters light, 
or both, the transmission factor will also decrease with increasing thick¬ 
ness. The relationships for a nondiffusing material are mathematically 
expressed by Beer’s law, which illustrates the dependence of transmitted 
intensity I upon the intensity of the incident beam 1 0 , the thickness x 
and the concentration c. 

I = he~ acz (8) 

or, for T, the transmission factor 

T = T = e~ acz (9) 

1 0 

The term a represents the absorbing power of unit concentration of the 
colorant. 

Plastics that diffuse light do not conform to Beer’s law, although a 
similarity is noticeable. For these materials, exact predictions of the 
effect of change in thickness or concentration on transmission cannot be 

made. 

Many instruments have been devised which are capable of giving a 
rating of the white-light reflection 13 - 15 and transmission 16 ' 17 of plastics. 
Some of these are based on principles that yield absolute results, whereas 
others are suitable only for comparative purposes. Different values 
will also be obtained from these instruments, depending upon their 
geometry of illumination and viewing, but each absolute method will be 
correct for its particular arrangement. White-light instruments are 
available which make use of some one of all four permutations of diffuse 
and undirectional illumination and viewing. The Internation Commis¬ 
sion on Illumination recommended in 1931 the preferred use of 45-deg. 
illumination and perpendicular viewing, t although other advantages in 

* The closest approach to such a surface is one prepared by depositing a layer of 
MgO smoke on a block of MgCO,. Directions for preparation are given in Nal. Bur. 

Standards, Letter Circ. LC-547, March, 1939. . . 

t A fundamental law of geometrical optics states that the positions of illumination 

and viewing may be interchanged without effect. 
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instrumentation have made it desirable to forego this geometry in some 
cases. 

In recent years, an increasing tendency has arisen to supplant visual 
photometry with photoelectric or barrier-layer light-sensitive cells. 
The reason behind this trend has not been any increased sensitivity of 
the cell over the eye, for no physical instrument can duplicate the latter 
for comparative measurements under ideal conditions. Rather, each 
observer’s eye was a case unto itself and, moreover, varied in its reac¬ 
tion depending upon optical and other fatigue and additional psycho¬ 
logical variables. Although light-sensitive cells also have their individual 
characteristics and are subject to fatigue, both of these can be measured 
accurately and taken into account. Photocells have been highly useful 
in obt ainin g data rapidly and without the “human-equation” error. 
When equipped with suitable filters, they duplicate the characteristics of 
the average human eye. 

Spectrophotometry and the Measurement of Color.—Although white- 
light measurements may be said to be done by synthesis, or integrating 
the effects of all the spectral colors at once, the method of spectropho¬ 
tometry is more widely useful and a more powerful tool since it performs 
analytically, examining the contribution of each portion of the visible 
spectrum to the final result. Hence, it is possible by suitable mathe¬ 
matical synthesis of reflection or transmission at each wave length, not 
only to evaluate the appearance of the specimen in terms of any observer 
and under any color of illumination with regard to its reflectance or 

I 

transmission, but also to specify numerically the color (hue) and the 
purity of color (chromaticity). 

There are a number of so-called “abridged” spectrophotometers in 
use 18 as well as several more complex instruments. One of the most 
widely used of the latter (Fig. 4) automatically records in 3 to 5 min. the 
spectral response of a specimen in reflection or transmission. From the 
curve or reflectance versus wave length, a standard mathematical 
derivation 12,19 yields the color and reflectance or transmission for the 
Standard Observer* and for standardized light sources. The three 
light sources are known as Illuminates A, B, and C and represent, respec¬ 
tively, average tungsten light, average sunlight, and average daylight. 

Haze and Diffusion. —The scattering of light by a plastic can be 
considered from two viewpoints, which usually also coincide with two 
distinct degrees of scattering. The first of these, haze, represents small 
departures from clarity and is therefore usually an unwanted condition 
that is measured as a prelude to its reduction, or to make certain that 
specifications are met. Diffusion, on the other hand, represents a high 

* The Standard Observer is represented by a sensitivity curve that defines for 
computational purposes the reaction of the human eye to spectral stimuli. 
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degree of scattering which is usually a desired quality for reducing glare 
in lighting fixtures or to obscure constructional details behind a surfacing 
sheet. Both haze and diffusion can be measured either by transmission 
or reflection methods but, although some overlapping may occur, haze 
and diffusion generally differ so greatly that the techniques of measure¬ 
ment are dissimilar. 

Haze (or turbidity) has long been measured in liquids and as smoke 
or fog in air. Many of these methods 20 are suitable for almost clear 
plastics. For rapid measurements with less precision, a method has been 
standardized 21 which employs a substantially parallel beam of light 



I',,,. |. Automatic recording spectrophotometer that produces curves of spectral trans¬ 
mission or reflection of solids and liquids. (American Cyanamid Company.) 


front a suitable source and a photocell and galvanometer circuit capable 
of reading linearly the incident light flux. The haze is quoted in per 
cent in terms of the readings obtained when the specimen is inserted in 
the beam (1) near the photocell and (2) near the light source. Data 

are then computed from 

Haze, per cent = —" X 100 0®) 


For a clear material, 7\ and T, will be substantially equal and the haze 
will be close to zero. A hazy specimen, however, will scatter some o 
the transmitted light. Hence, less light will be received by the photo 
cell when the sample is at (2) than at (1), because of the difference in 
the solid angle subtended by the cell from a point on the specimen. 
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When a plastic scatters a large proportion of the incident beam, the 
procedures for measuring haze are inadequate in that they are not 
capable of differentiating between materials of different diffusing power. 
A system is therefore employed which examines the intensity of the 
scattered light throughout its angular displacement, both in reflection 
and transmission. 22 In this test, a beam of light strikes the center of 
the specimen approximately at right angles. A photocell, which can be 
rotated on a radius arm with the specimen at its center, faces the speci¬ 
men and is energized by the light scattered at any particular angle. 
The readings obtained on a galvanometer are then plotted versus the 
corresponding angles; the diffusion factor is obtained as the ratio of the 
diffusion of the sample to that of a “perfect” diffusor. These measure¬ 
ments are made for only one plane normal to the surface of the plastic; 
therefore, if the material diffuses nonuniformly, it is necessary to examine 
it while oriented in several positions to obtain a complete description of 
its effect on the incident beam. 

Gloss.—The contribution of the surface of a plastic in scattering light 
is implicit in the above measurements of haze and diffusion, but it may 
also be evaluated separately. The degree to which a surface reflects 
specularly, depending on its optical smoothness, is termed gloss. Diffi¬ 
culty has been encountered in defining gloss satisfactorily because of 
differences of opinion. As a result, it is found that several basically 
different procedures for its measurement have been derived. The one 
that has been favored for plastics 23 makes use of a beam of light angularly 
incident upon the surface and focussing thereon the image of a circular 
illu mina ted orifice. A photocell receptor measures the intensity of the 
reflected beam at the angle of specular reflection I h and also at another 
angle displaced from the first by an arbitraiy amount / 2 . For a mirror 
surface Ii will be large and Z 2 will be zero and, from the formula for 
evaluating gloss 

Gloss, per cent = X 100 (11) 

a result of 100 will be obtained. In contrast, a perfectly diffusing sur¬ 
face will make h and J 2 equal, and the gloss index will therefore be zero. 
Body reflection can be almost completely eliminated by choosing a fairly 
large angle of incidence for the measurements. It can be seen that this 
method is somewhat similar, in reflection, to the measurement of haze 
in transmission. 

Refraction and the Photoelastic Effect. —The optical properties of 
plastics and the techniques for their evaluation that have been outlined 
above can be seen to depend basically upon the concept of the index of 
refraction. This constant has been shown in textbooks of elementary 
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optics to be a measure of the velocity of light in the medium and also of 
the deviation experienced by a ray in passing from one medium to another. 
Moreover, it can be demonstrated that photoelastic analysis of stress 
distribution depends on directional differences in n caused by stressing 

In order to evaluate refractive index, particles of transparent mate¬ 
rials may be measured under the microscope by immersing them suc¬ 
cessively in several standardized liquid mediums of known index until 
they are no longer visible. Sheet specimens with parallel surfaces can 
be evaluated by focussing the microscope sharply on a mark on the lower 
surface, then on the upper surface. The movement of the microscope 
from the first to the second position and the measured thickness of the 
sheet at the same location give the index of refraction when the latter is 
divided by the former. 

A more precise method makes use of the Abbe refractometer 24 in 
which a measurement of the deviation of the beam gives the index. The 
wavelength of light used in these tests affects the readings somewhat, 
therefore, for precise work, monochromatic light is advisable; the sodium 
D lines are most frequently employed since they are easily obtained from 
a sodium lamp or by introducing table salt into a flame. The refractive 
index for sodium light is indicated by the symbol n D . 

The photoelastic effect is demonstrated very markedly by some 
plastics and hardly at all by others. It is seen when a suitable trans¬ 
parent material is stressed while located in the illuminated field between 
two polarizing screens whose optical axes are at right angles to each other. 
The equipment is prepared for the examination as follows: A source of 
light is provided, and the emitted light is diffused by a translucent sheet, 
such as opal glass. In front of the diffuser is placed the first screen, the 
polarizer,* with its optical axis inclined at 45 deg. to the right. This 
is followed by the specimen, which may be stressed either horizontally 
or vertically, then by the second, or analyzing, screen. The latter has 

its axis inclined at 45 deg. to the left. 

If white light is used, the stress distribution will be seen as a pattern 
of color fringes. Monochromatic light, such as from a sodium source, is 
to be preferred for most work, for then the patterns are not colored but 
are alternately black and yellow. The subject of photoelastic analysis 
is beyond the scope of this chapter, but several good expositions are 
available in the literature. 25 - 27 Its correct use, however, provides a 
powerful tool in the visualization of stress relationships in both simple 

and complex shapes under load. 

Testing for Uniformity. —Clear plastics derive much of their useful¬ 
ness from their ability to transmit, substantially undistorted, light from 

* For normal sizes of test specimens Polaroid sheets (Polaroid Corp., Boston) are 
more useful than salt prisms because of the larger sizes available. 
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objects whose spatial detail is important. When used as a glazing mate¬ 
rial through which it is necessary to see objects in their true size and 
relationship, it is therefore important to ascertain that refraction is sub¬ 
stantially uniform over an area. This requirement implies that the 
refractive index should be constant and that the surfaces should be 
parallel rather than inclined to each other or wavy. Any defects pro¬ 
duce prismatic deviations which make it difficult to estimate the scene 

correctly. 

An empirical test has been devised 28 for measuring line-of-sight 
deviations in terms of (1) the magnitude, (2) the frequency, and (3) the 
pattern of the shifts produced in a light beam when a plastic sheet is 
introduced. The apparatus consists of a lantern-slide projector which 
throws a sharply focussed image of crossed hairlines on a screen, which 
is marked with a grid of horizontal and vertical lines. The image is 
so projected that it coincides with the central pair of crossed lines on the 
screen, and the maximum number of units of displacement and the 
approximate frequency of movement is noted as the plastic sheet is 
slowly moved in the light beam with its surfaces perpendicular to the 
axis of the beam. By moving the sheet closer to the screen, a mottled 
pattern is sometimes observed whose relative importance can be measured 
in terms of the minimum distance from the screen at which the design 
first becomes noticeable. 

THERMAL TESTS 

It is frequently the case that previously described tests, particularly 
mechanical and electrical, are performed with temperature as an addi- 
tional variable. Although it is sometimes difficult to decide whether a 
test is primarily one or the other, those to be described in this section 
are generally agreed to be wholly or primarily thermal in nature. 

There are three ways in which a plastic can be said to be affected by 
the temperature scale, viz., dimensionally, Theologically, and chemically. 
The first two are associated with heightened molecular activity and the 
last with chemical inertness, i.e., ability to resist degradation of structure 
through changes produced by high temperature and frequently also by 
the presence of oxygen. 

Thermal Expansion. —The change in dimensions evinced by a mate¬ 
rial when its temperature is changed is termed thermal expansion. A 
macroscopically isotropic substance will undergo this change equally in 
all directions for each unit of length in that direction. Although a few 
substances, in the neighborhood of a change in phase, exhibit contraction 
with increasing temperature over a limited range,* plastics are quite 
regular in that they continue to expand with increasing temperature. 

* For example, water from 0 to 4°C. 
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At higher temperatures, loss of volatile components or softening may 
confuse the measurements but, in the absence of these effects, a monotonic 
relationship of temperature versus expansion Avill be obtained. 

In order to specify this thermal characteristic of a material regardless 
of its dimensions or of the amount of the temperature change, the coeffi¬ 
cient of thermal expansion is determined. The coefficient is obtained 
from 


Li — L„[l + a(T i — To)] (12) 

where a is the linear coefficient, i.e., the change in length per unit of 
length for a unit change in temperature. L 0 is the original and L x the 
final length, and the subscripts for temperature T have a similar sig¬ 
nificance. A similar equation 

V 1 = 7 0 [1 + 0OTi - To)] (13) 

holds for volume expansion, where the original volume is Vo, the final 
volume is Vi, and 0 is the volume coefficient of expansion. 



jr IQ 5—Linear-thermal-expansion curve of (a) an allyl resin, (6) mineral-filled melamine. 

For isotropic substances, /3 = 3a holds to a close approximation, but 
where it is suspected that expansion is not uniform in all directions, each 

coefficient must be obtained independently. 

It will usually be found (Fig. 5) that a thermal-expansion curve is not 
linear; hence a (or 0) will not be a true constant of the material but will 
require that a temperature or temperature range be given also to indi¬ 
cate the range of applicability of the coefficient. It is common practice to 

quote a or 0 in terms of the slope of a chord joining the points on the 

curve at the extremes of the temperature range involved. 

A peculiar expansion curve sometimes results from the therma 
release of stresses molded into a specimen. When performing such a 
test as that for the linear coefficient by the quartz-tube dilatometer 
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method, 29 it is useful to repeat the series of measurements until two suc¬ 
cessive curves check. 

Brittle Point and Softening Point.—As the temperature of thermo¬ 
plastics and some thermosets is changed from well below to well above 
ordinary room temperature, not only do they change dimensionally but 
also to an extent depending on the particular plastic, they alter from a 
“brittle” to a “tough” to a flexible condition. In condensation thermo¬ 
sets this behavior is practically nonexistent, but thermoplastics, par¬ 
ticularly the nonrigid forms, are extremely interesting in their rheological 


changes with temperature. 

For examining the lower end of the temperature scale, a test has been 
applied that was first devised for rubber testing. 30 In this, the tempera¬ 
ture of a specimen is determined at which an impact in flexure under 
specified conditions of velocity and dimensions just does not cause 
fracture. It can be seen that this is an arbitrary temperature which 
depends on the particular test conditions. . The specimen breaks at that 
temperature at which its inelastic deformation is unable to hold the 
maximum stress below the breaking point at the particular rate of strain¬ 
ing. It follows naturally that flexible rubbers and nonrigid plastics will 
become brittle at low temperatures, while the stiffer thermoplastics will 
fracture at room temperatures and will, therefore, require heating to 
attain the critical temperature. 

The softening at higher temperatures of plastics that are normally 
rigid attains practical importance when the load that it bears in service 
produces a permanent deformation that is great" enough to impair its 
serviceability. The particular details of its application will decide the 
maximum temperature in each instance. 

In order to be able to examine plastics on a comparative basis with 
respect to their suitability in resisting deformation under load, well- 
defined conditions have been incorporated into a test 31 in which a bar or 
strip of the plastic is supported as a simple beam and loaded at the center 
with a definite weight. A heated enclosure provides means for raising 
the temperature at a slow constant rate while a micrometer gauge meas¬ 
ures the increase in deflection at the center of the beam. Two loads are 
provided for, in order to examine plastics in terms of self-loaded and 
externally loaded uses. The computed stresses are 66 and 264 p.s.i. 
respectively. Figure 6 illustrates a commercial model of this apparatus. 

Two considerations are important in the performance of this test. 
(1) Release of molded-in stresses can give either too high or too low a 
heat-distortion temperature, or blistering (particularly in thermosets) 
may counteract the normal process of deformation under load by raising 
the loading nose and hence the deflection indicator. (2) Plastics that 
are heavily loaded with mineral filler, or glass-cloth laminates, may not 
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deflect to the desired end point even at extremely high temperatures 
(about 300 C.). In these instances, the network of filler bound together 
by the carbonized resin is still capable of supporting the load. The sig¬ 
nificance of these results must be weighed carefully with respect to the 
utility of a material so deteriorated. 

Molding Behavior.—The deformation or rate of shear of molding 
compounds during flow at elevated temperatures is also important. 
When the compound is pressed into shape in the mold, the resistance 
offered by the heated material is a large factor in determining the requisite 
conditions for producing well-knit commercial and experimental parts. 



Fig. 6.—Apparatus for determining heat-distortion temperature of plastics. (Tinius 

Olsen.) 

The temperature to which the molding compound is heated will affect 
the flow properties greatly; hence it is customary to explore the practical 
ranges of temperature and pressure versus rate of flow. 

After an initial warm-up period, thermoplastics exhibit a uniform 
rate of flow for a given combination of pressure and temperature, but 
a thermoset, since it hardens because of a condensation reaction that 
is accelerated at high temperature, first flows slowly during the warm-up 
period, reaches a constant rate of flow for a limited time, and finally 
falls off to zero flow as the material stiffens and hardens at the end of the 

reaction. 

Several general types of instruments have been used for measuring 
the flow characteristics of molding compounds. Some simulate actual 











TESTING METHODS 


453 


molding conditions by employing a mold of simple commercial shape, e g., 
or tumbler. 32 The mold is placed in a hydraulic press, heated to 
the desired temperature, and a fixed pressure is applied. The ‘ ‘ mobility ’ ’ 
f a thermoset is measured in terms of the elapsed time in closing the 
mold and filling out the piece. Thermoplastics are frequently, and 
thermosets occasionally, investigated for their flow properties by extrud¬ 
ing the material through heated orifices. By maintaining a constant 
pressure and temperature and measuring the rate of extrusion, various 
indices of flow can be computed. The performance of the test at several 
pressures and temperatures of interest provides information that char¬ 
acterizes the plastic in terms of this particular type of test. The llossi- 
Peakes flow tester is one design of such an instrument. 33 It provides for 
heating a pellet of molding compound in a heated block, applying pres¬ 
sure by means of dead-weight loading, and measuring and recording on a 
chart versus time the length of the plastic sprue extruded into a tubular 


orifice of small diameter. 

Other plastometers have been used, such as the parallel-plate types, 
in which the plastic is pressed into a “pancake” between two heated 
platens. No one of these tests, however, has been found to be com¬ 
pletely satisfactory in foretelling the behavior of widely differing varieties 
of plastics under differing molding conditions. It is possible, however, 
to obtain comparisons of similar materials for control purposes, and by 
choosing a flow test that simulates to some extent the molding technique 
(e.g., compression, injection, transfer), the behavior of various types may 

be predictable. 

Inflammability.—For some applications, the ease with which a plastic 
can be ignited and the speed with which combustion will then proceed is 
of major importance. Although inflammability is of particular interest 
for plastic films,* thicker sheets and even bulky forms of only moderately 
inflammable materials can contribute sufficiently to fire hazard in special 
cases to warrant the use of one of the so-called “self-extinguishing” 


plastics. 

In most cases, the ignition temperature of a plastic is analogous to 
the fire point of an oil, i.e., volatile components and deterioration products 
that are ignitible are being given off at a rate sufficient to sustain com¬ 
bustion. A method that has been proposed for determining the ignition 
temperature makes use of a H by M in - rectangular bar which is placed 
inside a helical heating coil in a draft-free location. A fixed current is 
passed through the coil to heat the specimen, and a spark gap is dis¬ 
charged continuously during the test. When a sustained flame appears, 
the temperature of the specimen is measured by means of a thermocouple. 

* Motion-picture film is largely produced from cellulose acetate rather than 
cellulose nitrate because of the fire hazard when using the latter. 
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The second ignition characteristic of plastics, burning rate, depends 
upon starting combustion by a sufficiently high temperature and then 
examining the speed with which the specimen is consumed. Two stand¬ 
ard tests have been devised, one for film and thin sheet plastics, 34 and 
the other for heavier specimens. 35 The former provides for suspending 
a strip specimen in a draft-free enclosure and igniting the lower end in a 
reproducible manner by means of a primer that may be a pyroxylin fusee 
or a drop of benzol. By means of equal areas marked on the specimen 
the rate of burning can be computed with the aid of a stop watch, and 
the amount burned can be readily estimated. In testing thicker speci¬ 
mens, the same principles apply, but the plastic strip is held horizontally 
and burning is started with a Bunsen burner or an electrically heated 

silicon carbide rod. Materials that do not continue to burn are classed 
as self-extinguishing. 

PERMANENCE TESTS 

Many of the applications of plastics are such that their original 
physical properties cannot ahvays be realized and depended upon over 
the expected use life. The external factors that a plastic object encoun¬ 
ters in the many types of service to which it is adapted and that are 
capable of producing deteriorating changes over lengthy periods of 
exposure may be placed in four classes. One or more of the essential 
attributes of a plastic may be impaired by (1) moisture, (2) chemicals, 
(3) radiation, (4) temperature, or combinations of these. The first and 
last agencies are also capable of accelerating mechanical damage if they 
occur cyclically, i.e., repeated wetting and drying or alternate high and 
low r temperatures. 

Ratings of permanence (inertness to external factors) are most fre¬ 
quently based upon the more obvious mechanical or optical changes. 
Thus, changes in dimensions and w’arpage, cracking and crazing, or dis¬ 
coloration or loss of gloss may be used as criteria. The choice of a 
yardstick for these ratings will, how r ever, depend upon the most important 
considerations. For example, if dimensional change is unimportant but 
electrical quality is important, the latter should be used as the index of 
permanence. Customarily, however, limits will be set on several neces¬ 
sary properties, and the inability of a plastic to retain its quality above 
any of these limits will be cause for rejection. 

Effects of Water. —Exposure to water can occur in two w r ays, as a 
vapor under humid conditions, and in the liquid phase. The former is 
not too serious in itself, but differential dimensional changes from one 
surface of a molding to another, or from the surfaces to the interior, may 
be severe enough to produce cracks. This is all the more true under 
cyclic exposure, where repeated expansion and contraction initiates, 
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then propagates, fissures that eventually impair the strength, appearance, 

and protective features of a molding. 

The above can also be said for immersion which in addition permits 

the loss of even slightly water-soluble constituents by leaching. The 
possible effect of water immersion on plastics can be estimated approxi¬ 
mately by the amount absorbed by a specimen of standard size. 36 Redry¬ 
ing and reweighing sometimes reveals a weight loss which indicates the 
removal of leachable components. The ability of water to be absorbed 
into a filled plastic will be a function of the filler, for a given resin. 
Cellulose-filled molding compounds and laminates absorb more moisture 

than equivalent mineral or glass-filled materials. 

Effects of Chemicals. —With regard to a given plastic, contact with a 
chemical can produce changes in two ways, i.e., some chemicals, usually 
organic liquids, will act as solvents and swelling agents more actively 
than does water, whereas others will react with the resin or filler, changing 

its composition. 

Organic liquids that bear some molecular resemblance to the polymer 
are apt to be capable of carrying significant amounts into solution, or at 
least can produce swelling and softening to the point where the object 
cannot regain its shape nor its strength and other attributes. 

Depending on composition and degree of unsaturation of a polymer, 
organic and mineral acids and alkalies can have injurious effects on 
plastics and their fillers. Cellulose fillers are harmed by strong acids and 
alkalies, which frequently reduce the molecular weight. The behavior 
of many plastics in contact with a wide range of chemicals has been col- • 
lected and tabulated. 37 Standard testing procedures have also been 
worked out for evaluating the reaction of plastics to eighteen representa¬ 
tive liquids and solutions. 38 

Effect of Radiation and Temperature. —Substances that possess 
residual chemical unsaturation, or in which linkages can be parted fairly 
readily, are apt to be affected by any mechanism that can supply suffi¬ 
cient energy to promote structural rearrangements, including oxidation. 
Both temperature rise and radiation are capable of having this effect. 

Radiation has a twofold action: by absorption it increases the tem¬ 
perature of the absorbing substance, and, in addition, wave lengths 

o 

shorter than a critical value of about 3,000A . can supply sufficient energy 
to activate oxygen and thus promote the oxidation of resin and/or organic 
' filler. 

Alteration of resin or filler structure as influenced by heat or radiation 
is usually observable in terms of change in color and (sometimes) embrit¬ 
tlement of flexible sheets. The contribution of oxygen to these changes 
has been investigated by indirect studies of polymer behavior before 
and after irradiation or heating in the presence and in the absence of 
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oxygen. It is well known, as a result, that cellulose is partly broken 
down into molecules of lower molecular weight and poorer strength 
properties. Other polymers are also susceptible, in varying degree, to 
the same degradation and to oxygen cross linking. 

Weathering and Accelerated Exposure— The fading, cracking, loss of 
gloss, etc., that appears in some plastics as a result of exposing the mate¬ 
rial outdoors is an end result that arises from a combination of factors 
such as those which have been discussed separately above. Natural 
weathering involves the combined and frequently cyclic action upon a 
material of irradiation, rain, chemical fumes, heat and cold, wind-driven 
grit, and perhaps other agencies not well recognized. Evaluating mate¬ 
rials by natural exposure is usually accomplished by locating them on a 
rack which is tilted normal to the sun’s strongest rays* in a spot where 
shadows will not be found the year round. A typical weathering rack 
is shown in Fig. 4, Chap. XX. 

Large differences in results can be obtained on equivalent specimens 
exposed during the same year in different locales. Severity of irradiation 
generally increases in progressing toward the tropics and rainfall depends 
on meteorological geography. Temperature cycles also vary with loca¬ 
tion. Added to these are the effects of grit in windy versus calm loca¬ 
tions and the influence of chemicals near cities and industrial areas as 
compared with agricultural and residential districts. To add to the 
confusion, the effects of one year’s weather will, in general, differ from 
those of some other yearly period, as reflected by the condition of the 
specimens. Furthermore, there is the drawback of the time consumed 
(at least a year for good materials) before comparative data can be 
obtained. In spite of the many drawbacks, natural weathering still 
stands as the final word in estimating the durability of engineering mate¬ 
rials. This is particularly true when the results of tests in several 
different climates on equivalent materials for the same year are collated 
and compared. 

To minimize much of the variability of natural weathering and to 
obtain relative indications of permanence more rapidly, recourse has 
been made to accelerated exposure cabinets. In these, a constant source 
of radiation is supplied in the form of an electric carbon arcf which, 
by means of a suitable glass filter, is corrected in its output to approxi¬ 
mate the solar spectrum. The specimens in the apparatus are alter¬ 
nately cooled and wetted by a water spray and heated and dried by the 
lamp, as well as being irradiated. Thus a fixed cycle can be established 
and maintained and can be operated on a continuous basis, accelerating 

* In the latitude of New York, this is 45 deg. and facing south. 

t One carbon electrode usually contains a core of iron salts to enrich the ultra- 

violet portion of the spectrum. 
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the rate of change in specimens by a large factor* over natural weather¬ 
ing While results of accelerated exposure tests do not lend themselves 
to precise prediction of the permanence of a material in outdoor service, 
the qualitative relationships are extremely useful for broad classification. 
Figure 7 shows one type of accelerated weathering apparatus. 



Fig. 7.—Accelerated weathering apparatus providing for irradiation and netting of 

specimens. (American Cyanamid Company.) 

Other apparatus of simple and inexpensive construction has been 
devised to permit the use of procedures approximating 

1. Exterior exposure . This is accomplished by the cyclic exposure 
of specimens to the radiation of a General Electric Company Model S-l 
sunlamp, followed by submission to the action of mist in a fog box 
(distilled water). 39 

2. Sunlight exposure. This test is designed primarily to evaluate rela¬ 
tive color fastness and makes use of the sunlamp in 1 above. 40 In both 

* In spite of recent efforts to establish time conversion factors from natural weath¬ 
ering to accelerated exposure, no simple transformation has been found. Factors 

exist for specific materials but, even among plastics, no common denominator has 
been proved. 
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tests, irradiation of the samples takes place while they are rotated on a 
turntable below the lamp. 

3. General service (not weathering). This test attempts to demon¬ 
strate the effect on plastics of service under conditions where temperature 
may be high and the humidity variable, or where the temperature may 
vary. It approximates conditions in the interior of buildings, auto¬ 
mobiles, and aircraft in various climates. 41 The only necessary apparatus 
are cabinets in which the various combinations of temperature and 
humidity are obtained. 

Estimation of the effects of exposure to marine atmospheres, where 
salt-laden mist contributes significantly to the deterioration, is afforded 
by several types of “salt-spray” cabinets. In one such enclosure, the 
specimens are exposed, in a slowly moving air stream at 35 ± 1°C., to a 
salt-laden fog. Important factors to be controlled in this test have been 
reviewed under the auspices of the National Paint, Varnish and Lacquer 
Association, Inc. 42 The second procedure combines the effects of irradia¬ 
tion by a General Electric Model S-l sunlamp with that of a 5 per cent 
salt-water spray. 43 The spray is operated intermittently and the lamp 
continuously; the temperature is maintained at 55°C. 

Dimensional Stability.—When plastic parts are molded around 
dimensionally stable inserts, or are fastened to an assembly, gradual 
changes in dimensions may encourage cracking or lead to a poor fit with 
other parts. Resins that cure by condensation are particularly prone 
to shrinkage through loss of moisture, although fillers, particularly in 
laminates, act to reduce this tendency. Because of the magnitude of 
such dimensional changes which can take place in many plastics, reversi¬ 
ble changes produced by change in temperature usually play only a 
minor role. 

During the yearly fluctuation of temperature and humidity, particu¬ 
larly indoors, plastics give up moisture and other volatile matter. Where 
the plastic is capable of reabsorbing moisture, there is a tendency to 
regain original dimensions but, at least for the temperate zones, there is 
a progressive shrinkage that becomes less perceptible with time. More 
generally, loss of either moisture or other volatiles can produce differential 

dimensional changes which are evidenced by warpage. 

A convenient index of anticipated relative shrinkage for some plastics, 
particularly condensation thermosets, involves exposure at constant 
elevated temperature and constant low humidity for a definite period 
of time, measuring carefully the dimensions before and after exposure. 
It has been found that, for fixed exposure conditions, specific shrinkage 
and specific weight loss form a linear plot against time when both scales 
are logarithmic. This applies obviously for only a restricted range of 
maximum, shrinkage and loss which will differ with the plastic and its 
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For greatest convenience, a temperature of 104°C. and 
have been employed for comparison and control tests on 


prior history, 
time of 48 hr. 

thermosets. 

CONTROL AND EVALUATION OF VARIABLES 

When data from physical tests are used as evidence for drawing con¬ 
clusions regarding such factors as resin structure, effect of formula 
modifications, product control or service behavior, the accuracy of the 
conclusions will be limited by the weakest link in the detailed sequence 
of events requisite to obtaining the test data. Not only can such mechan¬ 
ical aspects as sample preparation, conditioning, and the accuracy of 
the testing instrument affect the interpretation of data, but also the 
statistical procedures such as selection and sampling of material and 
specimens, establishment of limits of precision, and mathematical exami¬ 
nation of comparative values to estimate the significance of observed 
differences. Inherent in all these is the fundamental need for realization 
of the significance of a given test and the limits beyond which that sig¬ 
nificance cannot be extended. As an example, the flexural-strength 
test will not necessarily correlate well with cracking around metal inserts; 
measurements of shrinkage and ultimate strain are far better indices of 
this tendency. Other plastics tests have less obvious limitations. 

Sampling.—A physical test, when not performed on the actual object 
intended for service, represents an attempt to predict a certain behavior 
for all similar objects in terms of the tested performance of a few. This 
procedure, which is known as sampling, is a careful random selection 
with the object of obtaining data closely approximating the results that 

would be derived from testing the entire group. 

If all the group were tested, a large number of individual test values 

would be obtained which would vary over a given range from a minimum 
to a maximum; the average (or mean) would obviously be an intermediate 
quantity. A relationship for illustrating these data graphically, known 
as a frequency-distribution curve, involves computing the average and 
then the difference between it and each individual test value. A number 
of groups are then formed, each of which contains all tests that differed 
from the average within a certain range. The number of tests in each 
group is then plotted versus the magnitude of deviation for that group, 
both positive and negative. Such a distribution curve is shown in 
Fig. 8. Thus the performance of a plastic can be typified by its average 
and the curve representing deviations therefrom. 

In selecting samples, it is desired that the results to be obtained will 
indicate as closely as possible both the average and the deviations that 
would be found for the entire group. As the number of samples increases, 
the data will tend to approach those for the group. 
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Treatment of Data. When the number of samples is small, as when 
several mechanical or electrical tests on molded specimens are used to 
classify a batch of material for control of quality, it is sometimes neces¬ 
sary to know also the most probable range within which the sample 
average might differ from the actual but unknown average. The depend¬ 
ability of a set of data increases as the square root of the number of 
tests. Thus nine tests are 50 per cent more dependable than four. 

The mathematics of statistical analysis affords a rigorous means of 
assaying numerically the utility of test data. One of the most widely 
used numerical substitutes for a distribution curve is the average devia¬ 
tion. To obtain this value, the 
deviations of each test from the 
average, regardless of sign, are. added 
and divided by the number of tests 
raised to the % power. An index 
of scatter that involves somewhat 
more arithmetical manipulation is the 
standard deviation. 44 It is sounder 
mathematically, however, and gives 
a better picture of distributional 
relationships. 

In most instances, barring an 
error in taking a reading, the preci¬ 
sion and accuracy of testing instru¬ 
ments is sufficiently good so that 
its contribution to error may be 
ignored. However, when instru¬ 
mental precision is poor, the data 
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Fig. 8.—Frequency distribution of 
221 tests separated into groups differing 
from the average by 0 to 1, 1+ to 2, 
2 + to 3, etc., per cent. The smooth curve 
illustrates the normal distribution that a 
much larger number of tests could be 
expected to yield. 


become less trustworthy and this should be reflected in a wider devia¬ 
tion measure. If the various instrumental factors that contribute to 
the over-all limiting precision of the apparatus can be evaluated, they 
may be taken into account by the use of a precision measure rather than 

a deviation measure, thus 

(14) 


P.M. = VA.D. 2 + e? + e! 


• • 


where e h e 2 , etc., are the various instrumental errors and A.D. is the 
average deviation. The precision measure (P.M.) is then used in place 
of the average deviation, and the value is attached to the average result 

as a plus-and-minus spread. 

Control of Instrumental Dependability— From the above, it is clear 
that the easiest way to avoid the troubles arising from doubt as to the 
accuracy and precision of the testing apparatus is to place in continuous 
operation a system of checks and balances, either with other laboratories 
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or within the laboratory, aimed at maintaining all equipment in the best 
operating condition. Some of these procedures are simple; the mere 
routine of cleanliness and judicious use of lubricant can work wonders. 
In other cases, standardization will be more involved, requiring such 
instruments as standard thermometers, a proving ring for mechanical 
loading machines, or high-quality electrical meters. Testing of stand¬ 
ardized materials is also a very useful quick check and, indeed, almost 
the only one for empirical instruments that do not have a known basis 
in the fundamental dimensions of mass, length, and time.* 

Presentation of Data.—The utility of test data, regardless of the 
care with which the testing procedure was handled, may be seriously 
reduced if the facts are not rendered in a form that presents, with a 
minimum of effort to the reader, a succinct account of the findings, telling 
neither more nor less than the data warrant. Clarity is particularly 
necessary when a report is to be submitted to a superior who lacks the 
time for “digging out” information and who frequently is not well 
acquainted with the lesser details of the subject. Even for one’s own 
use, it is advantageous to be able to refer back to an old record and recog¬ 
nize what was done and the significance of results without laboriously 
reading through the many details that should be entered in any complete 

report. 

Of necessity some reports, because of their subject matter, will be 
lengthy; others will be shorter and easier to arrange; and still others 
may be reduced to routine data sheets. In every case, however, all the 
pertinent information should be included and the salient facts emphasized. 
It becomes apparent that the technical man who finds difficulty in 
organizing logically or in writing a clear uninvolved exposition lacks 
almost as much as if his technical ability were faulty. 

Data may be presented in many ways. Those which have been dis¬ 
cussed in greater detail elsewhere 44 ' 46 include graphical methods such 
as curves and barographs, as well as tables and written description. 
Although for a formal report written description is a necessity, it is 
greatly enhanced by the addition of one or both of the other methods. 

Conclusions. —It should be apparent upon reading this and the pre- 
ceeding chapter that not all the possible combinations of testing variables 
of interest in the use of plastics could be covered without running on at 
much greater length. The myriad possible tests and the mass of technical 
detail associated with each could not be presented here. It was necessary 
also to vary the emphasis on particular phases of plastics testing, describ¬ 
ing in more detail those tests and properties which are most apt to be of 
greatest interest. For this reason, it may be found that a particular topic 
of immediate importance to the reader has been given a relatively small 

* Examples are abrasion and weathering tests. 
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amount of space. The chapter therefore contains a number of references 
concerning specific subjects. Further information on a more general 
scale may be obtained by consulting the appended bibliography. 
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CONTROL OF QUALITY AND UNIFORMITY 

By Henry M. Richardson 

Consulting Engineer, DeBell & Richardson, Springfield, Mass. 

# 

The purpose of this chapter is to discuss the fundamental aspects of 
quality control as applied to plastic materials and products. The words 
“quality control” have recently gathered a rather specialized connota¬ 
tion in industry, relating to systems for the measurement of probable 
quality level by the testing and measurement of standard samples from 
production. We shall use the broader meaning of quality control to 
include all the steps necessary in the establishment and maintenance of 
the desired degree and uniformity of quality in plastic materials and 
products. 

The principles involved in controlling the quality of plastic materials ' 
and products are probably not different from those used in controlling 
the manufacture of goods made of other materials. The application may 
differ somewhat because the plastic may undergo both chemical and 
physical as well as dimensional changes during its course of manufacture 
into final form. For this reason, the processes of manufacture, and the 
controls that go with them, can be divided into two classes. First are 
those which deal with the chemical synthesis of the resins and the com¬ 
pounding and preparation for the molding or fabricating operations 
and second, which deal with the predominantly mechanical processes of 
molding and fabricating. 

The establishment of quality standards and the fulfillment of them 
in production with minimum loss usually must include the following 
steps: 

1. Setting of an acceptable standard of quality for the finished product. 

2. Establishment of reliable methods of measuring the quality that 
has been set and of quantitatively detecting variations in the product 
and in the materials and processes used in making it. 

3. Determination of the effect of measured variations of material 
and process on the measured qualities of the final product. 

4. Organization and establishment of a system, appropriate to the 
size and type of manufacture, which mil detect and measure the devia¬ 
tions of material and process from the normal standards, in time to 
make the necessary corrections, so the final product will meet the stand¬ 
ards set for it and with a minimum of rejected material. 
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5. Final inspection of the finished product to an extent which will 
assure the manufacturer, and the user, that the material or product meets 
the established standards and that the system of control has been 
effective. 

Let us consider these steps one by one. 

Acceptable Standards of Quality.—Actual standards of quality, in 
the last analysis, are established by competition among the producers of 
materials and products. Of course there are minimum standards that 
are agreed upon by the members of a producing industry in order that 
there may be a general understanding of the relation between grade 
designation and minimum expected properties. The individual manu¬ 
facturers, however, in a freely competitive market will set their own 
standards on both the materials they purchase and the products they 
produce in their attempt to gain a competitive advantage in lower cost 
or higher quality which will result in greater profit or increased portion 
of the available business for the purpose of earning a larger return on 
the capital invested in the business. 

If the material or product is one already in production and available 
from a number of sources, the establishment of a standard of quality 
becomes a matter of test and comparison of quality and price of the 
products of the various makers. Where the standard is to be set for 
purchasing specifications, it is set at a point that will procure the requited 
quality and uniformity at the minimum price. Where the standard is 
being established by the seller, it is governed by the combination of 
quality and cost that the seller believes he needs in order to allow him to 
sell his portion of the total available business at a price that will yield 
the highest return on the capital invested and also safeguard its integrity. 

In the field of plastics, there are many published standards that define 
minimum acceptable values and the methods of measurement of proper¬ 
ties of materials or products. Some of the organizations that have pub¬ 
lished these standards are 


American Society for Testing Materials 
U.S. Government (joint Army-Navy specifications) 
Plastic Material Manufacturers Association 
National Electric Manufacturers Association 


These are convenient as a basis of comparison and were very useful 
during the war in holding the standards to a usable level while the normal 
competitive system was submerged under a demand for products whic 

was in excess of its capacity. „+ ;+ 

When a new material, product, or process is under development it 

must continually be compared with the others that it seeks to dispkce. 

It is obvious that unless the combination of the qualities of the new 


/ 
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oduct can be brought to a level that will attract a sufficient volume 
of business at a profitable price which will make the investment of capital 

in the enterprise attractive, it cannot survive. 

Methods for Measurement of Quality Levels and Detection of Varia- 
t j ons> _j n Chap. XX testing methods for the measurement and evalua¬ 

tion of properties of plastics were discussed. These are valuable for the 
setting of specifications for purchase or for defining a level of quality. 
Some of these testing methods are suitable for use in the control of 
processes or the assurance of quality levels, particularly relating to the 

manufacture of materials. 

In general, they fall into five different types: 

1 Chemical analysis to determine the identity and percentage of the 
components of a mixture. 

2. Physical tests to determine viscosity, flow point, volatile content, 

hvdrogen-ion concentration, rate of reaction. 

3. Performance tests to find variation of plasticity with temperature, 
of cure with time and temperature, of plasticity and cure with time and 
temperature, of shrinkage with time and temperature. 

4. Standard physical, mechanical, and electrical properties of stand¬ 
ard samples of the finished product. 

5. Over-all performance tests on samples of the actual molded or 

fabricated product to determine its suitability to the application in which 
it is used. 

In addition to such quality testing, there are the usual gauging or 
measuring operations to detect dimensional variations. 

Correlation of Measured Qualities with Process Conditions. —Having 
the methods for measuring quantities and qualities, and having the 
process, the next step is to keep a record of the variation of composition 
of the raw materials, of the proportions of the reactants, and the condi¬ 
tions of the reaction as well as the progress of the reaction and the yield 
and quality of the products and by-products. Variations may be intro¬ 
duced one at a time over a range that will define allowable limits by 

measuring their effect on subsequent steps. 

After continuing this process for a time and keeping up a vigilant 
study of the relation between cause and effect, the controlling variables 
will become apparent, the means for most sensitive detection of variation, 
and the required adjustments to guide the process to the desired end 
point. 

In practice, this process is more or less evolutionary. It may be 
speeded to a valuable utility by thoughtful planning and orderly direction. 

Organizing for Control. —Having determined the allowable limits of 
variation in the steps of the process, the relation between cause and effect, 
and having discovered convenient and sensitive methods of detecting 
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variation, it is now possible to organize a system, which in a prompt and 
efficient manner, will assure 

1. That variations in raw material, process, or end product will be 
quickly detected. 

2. That opportunity for correction or adjustment is afforded and 
suitably executed. 


3. That the end product will be produced within specified limits and 
its characteristics measured and supplied to the subsequent user of the 
product for his guidance. 

Final Inspection.—As a check on the control process and organization 
efficiency, the product should be sampled at suitable intervals and inde¬ 
pendently evaluated to see if its characteristics are within the prescribed 
limits and in agreement with the routine evaluation that accompanies 
the shipment to its user. This procedure does not signify lack of faith 
in the control procedure, but constitutes a control on the control to 
detect any errors of commission or omission that may have come into 
the control system. It gives added assurance both to the manufacturer 
and the user that the control is in good working order and that the product 
should be reliably uniform. 

The actual working of these principles is much the same whether the 
product is a chemical, a resin or compound, or a molded, laminated, or 
fabricated part. The details vary in each of the succeeding steps of 
manufacture. Let us follow some typical examples for illustration. 

For example, formalin, a 37.1 per cent solution of formaldehyde in 
water, may have a slight variation in the formaldehyde content requiring 
slight adjustment of the proportion to use in the reaction; it probably 
contains a small amount of formic acid which will require that the amount 
of acid or alkaline catalyst may need to be varied to bring the pH of the 
reaction mixture to the proper level; it may contain varying amounts of 
methanol which will affect the rate of reaction of the formaldehyde with 
the other component, be it phenol, urea, melamine, or polyvinyl alcohol, 

Other chemical raw materials are subject to similar variation, but all 
are susceptible to chemical analysis, and where they are purchased in 
large quantities, tank-car lots, the minor process corrections directed by 
a careful chemical analysis usually result in a higher yield or a more 
uniform product that justifies, several times over, the cost of the testing. 

As the chemical reaction proceeds, samples may be taken at critical 


intervals and quickly tested by appropriate means to indicate the progress 
of the reaction so it may be guided to its proper end point and yield the 
quantity and quality expected. A long and complex system of chemical 
reactions may have a number of control stations at which samples are 
taken, quickly tested, and the results used to guide the next step in the 

process. 
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The details of the steps are different for each synthetic resin and are 
well known to the chemist, so they will not be listed here. The effective¬ 
ness of their utilization is apparent in the uniformity (or lack of it) in 
the resulting resin or molding compound. Therefore, it is desirable to 
both the maker and the user of the material for the final resin or com¬ 
pound to be tested for critical characteristics such as flow point, viscosity- 
temperature characteristics, flow-cure-time characteristics, speed of cure, 
volatile content, bulk density, and screen analysis. These must be 
known to the molder or fabricator so he can adjust his processes and make 
uniform products. As the industry matures, the uniformity and reli¬ 
ability of the material often becomes the only competitive advantage the 
material manufacturer can have—it may seem small, but it can have a 
profound effect on the cost of the products made from it. 

It is a point of fundamental economy that it is better to determine the 
fundamental critical properties of samples from a large blend and dis¬ 
tribute these to the various users of that blend, than for each of the users 
to make the tests separately for himself. The users may be forced to 
do this if they experience the variations without being forewarned by 
having copies of the maker’s test results, or if the variations are too broad 
to be correctable in the users’ subsequent processing. 

Molding or Fabricating. —Our example, so far, has been from the 
viewpoint of the manufacturer of the resin or compound. In general, 
such materials are molded or fabricated by others; so as we continue our 
illustration, let us view it as the molder sees it. 

The foundation for precision in molded parts is 

1. Good molds accurately made 

2. Uniform compound 

Once having established these, the rest of the job is in the hands of the 
molder. 

The molder’s job then is to 

1. Maintain the molds in proper condition. 

2. Control uniformity of the weight of charge in compression molds. 

3. Bring the compound to uniform condition before molding. 

4. Establish and maintain uniform cycles of time, temperature, and 
pressure in the molding operation. 

5. Do an appropriate job of finishing on the molded parts. 

6. Set up a system of control that will detect variations early enough 
to correct them before they get outside the limits required and that will 
check the outgoing parts to assure that the control was effective. 

Let us examine each of these items separately and in some detail. 
There is nothing new or startling about them, and all that is required to 
put them into effect is persistence, careful observation and measurement, 
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and an orderly way of analyzing the measurements that will identify the 
variants and point the way to their correction. 

Good Molds, Accurately Made.—When we say good molds, what do 
we mean? Perhaps the answer might be: molds that will operate day 
in and day out without need for repairs, and which, other factors being 
favorable, wall produce uniform parts. We discussed such molds in 
Chap. XVI. 

“ Accurately made” is the other qualification on molds.' This means, 
not only that one cavity be built to proper dimensions, but that all cavi¬ 
ties be alike. This suggests the building and running of a sample cavity 
and plunger as a single-cavity mold under normal conditions of tempera¬ 
ture, time, and pressure with normal compound and then correcting 
this first mold. The subsequent cavities and plungers can then be made 
initially to the corrected dimensions and thus minimize the necessity of 
further corrections. This may appear to prolong the tooling cycle, but 
usually it shortens the time and lessens the expense of getting a large 
production job going. Good judgment is the guide to procedure in 
individual cases. 

In all cases, the mold maker should be made familiar with the accuracy 
needed in the finished parts and the corresponding accuracy that he must 
build into the mold. The critical dimensions should be indicated, so 
he may give these the attention they deserve. It is his responsibility 
then to see that appropriate methods and skill are used. 

The other foundation for precise molding is uniform compound. By 
this we mean a compound that is measurably uniform, because unless by 
actual measurement the compound can be proved uniform there will 
always be the opportunity for the buck to pass back and forth between 
the compound maker and the molder, each contending that the othei 
is to blame. Some of the characteristics of the compound such as bulk 
factor, pourability, volatile content, cure time, and degree of cure have 
standardized tests for their evaluation. The flow or plasticity, however, 
as it varies with time and is affected by the speed of cure and the 1 ate of 
heat transfer, is one that is not yet measured and controlled to the satis¬ 
faction of the molder. 

For a large part of the molding that is done today, the precision ot 
compound control generally found is satisfactory. It is for the difficult 
jobs, those with close tolerances or those hard to mold, that more precise 
compound is needed. Once the compound manufacturer has a good test 
for the flow-cure-time characteristic and uses it, he can achieve uni¬ 
formity for this characteristic by control of batches and by blending o 
selected batches which will fall within remarkably close limits buch 
precise compound has taken the headaches out of many difficult jobs. 
And furthermore where uniformity is attained, it probably will no 
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necessary to have many different plasticities for any one compound— 
hard, medium, and soft should be sufficient—because with uniformity 
assured, the molder can take care of his individual molding problems by 
adjusting the character and amount of preheat and the temperature- 
and pressure-time cycle of molding. 

Now we can assume that the molder has suitable molds and 
uniform compound. It is his job from here on to make good pieces. 
He can go ahead with full confidence that his destiny is in his own 

hands. 

The steps the molder can take to control his molded products are 
well known in principle and fairly simple. 

1. Keep the molding powder dry. If it takes up moisture it will 
flow more freely in the mold, but to get rid of the moisture will require a 
longer cure, or breathing of the mold. If this is not done, the piece may 
have poor finish or be blistered or warped. Even with less moisture than 
enough to give these troubles, the dielectric strength will be low and the 
electrical losses high. This is the “summer complaint” of most molding 
plants. 

As long as the powder is in the original sealed drums from the manu¬ 
facturer, it will not change much if it is stored in a place with reasonably 
uniform temperature (plus or minus 10°F.). 

But when the drum is opened and the compound is exposed, it will 
pick up moisture if the relative humidity is over 20 to 30 per cent, and 
the higher the humidity, the faster it will pick it up. The molder has 
his choice: he may either keep the moisture out, or let the compound 
pick it up and then dry it out just before using it. Probably the safest 
thing to do, the one most uniformly successful, is to do a little of both. 
Keep the loose compound or the containers of pellets in a room with 
relative humidity between 20 and 30 per cent by heating the space and 
providing enough air circulation and make-up to make the storage room 
into a mild oven. Then be careful not to expose loose compound too 
long in the pressroom during humid weather. Keep covers on the com¬ 
pound containers, and do not supply more than enough to last 4 to 8 
hr. And finally, preheat the compound before putting it in the mold. 
Preheating can be mainly for drying purposes, with low temperatures 
(180°F.) and long time, 10 to 40 minutes; or to bring the compound 
quickly up to molding temperature, high-frequency dielectric (electronic) 
heating; or a method that compromises, such as a hot plate, infrared 
lamps (or both), hot ovens with good circulation; or other ingenious 
devices. If the compound has been kept reasonably dry, all these latter 
methods will suffice to drive off such moisture as has been picked up in a 
few hours in the pressroom and allow the compound to go into the mold 
uniformly dry and uniformly preheated. 


I 
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2. Perhaps we should pause for a moment to consider the simple 
problem of providing uniform preform weight or uniform charges of 
loose compound. In compression molding, particularly with semiposi¬ 
tive molds, we know that if the pills are heavy the cutoff will be thick 
and the build-up dimensions will be high; if the pills are light, the pieces 
will not fill out or will be low in density; if they vary from light to heavy in 
the same heat in a multicavity compression mold, some will be heavy 
and some low density and also the heavily loaded cavities will absorb 
most of the molding pressure which in extreme cases, even with the best 
of molds, may cause these cavities to be pushed down into the mold base, 
putting them out of line. This is particularly true of semipositive molds 
with more than 25 cavities. This increases the cost of mold maintenance, 
because the sunk cavities cannot be run and the mold has to go to the 
shop to be leveled up again before they can. Here an investigation of 
pill weights is in order. Take a container of pills for a given job, and 
sit down in front of a scale, preferably a well-damped direct-reading scale 
accurate to Koo oz. Take a piece of squared paper, ruled off in K-in. 
squares, and head several columns of squares with weights in steps of 
Koo oz. over the range the pills are supposed to weigh. Now weigh 
the pills one by one and put a mark in the column below the proper head¬ 
ing for each pill weighed, one mark to a square. Do this with 100 pills, 
and note the pattern made by the marks on the squared paper. If all 
the pills were from one setting of the pill machine and one batch of 
compound, the dispersion of weights will indicate the normal variation 
of volumetric fill, and this is about the best that can be expected without 
careful reblending of compound or rescreening to get a uniform granula¬ 
tion or dispersion of particle size. Also, it may be well to sort out these 
pills by weights at the same time and run a load of light ones, average 
ones, heavy ones, and half-light, half-heavy to see the effect on cutoff 
and density. It may be found that by changing the setting of the pill 
machine so the average weight comes up a hundredth of an ounce or so, 
that it is possible to eliminate a 4 or 5 per cent loss of parts for low density. 
Or you may have a heavy enough cutoff with the lightest of the pills so 
you can safely lower the average weight and save compound and finishing 
cost. Every time you check pill weights you do not need to check 100 
pills- maybe 5 or 10 taken in sequence off the pill machine and weighe 
from time to time during the run of the machine will be enough once the 
minimum allowable weight and the normal spread has been determined. 
The machine can be kept in adjustment as directed by the results obtained 
We have devoted considerable time to this method of checking pill 
weights because it illustrates a principle that is valuable in the analysis 
of other variables, viz., to tabulate measurements in a way that 
indicates the most probable values and the deviation to be expected. 
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3 Let us carry this further and measure some critical dimension on 
a part molded in, say, a 10-cavity mold. Take three or four complete 
heats and after they have cooled to room temperature, measure this 
selected dimension—by micrometers, dial gauge, or vernier to the nearest 
3^ 000 in. Head the columns of squares with the dimensions in the range 
in steps of Kooo i n -, and as each piece is measured, mark down the 
cavity number in the appropriate column. The pattern will show the 
spread of dimensions, and by noting the cavity numbers the variation 
from heat to heat from the same cavity will be apparent as well as the 
variation from cavity to cavity from the same heat. Assuming all 
pieces properly filled and above minimum density, you will find the 
variation from heat to heat out of the same cavity to be surprisingly 
small (unless the dimension includes the parting line) and that variations 
of mold dimensions will be immediately apparent, as well as the identity 
of cavity and the amount of correction necessary to bring all pieces into 

a narrower range. 

If check heats are taken frequently, daily or oftener, on critical jobs 
the tabulation can be kept on standard sheets so they can be lined up to 
show any tendency for the critical dimension to drift toward one or the 
other of the tolerance limits or any individual cavities that fall out of 
line with their previous performance, and which may need correction. 
The check heats should, of course, be inspected for any other defects 
such as poor cutoff, broken pins, high or low ejector pin marks. This 
is the kind of inspection that does the most good, because it finds defects 
at their source and detects trends that may be corrected before sub¬ 
stantial numbers of rejects have been produced. 

This same principle applies to finishing. First the setup and the tools 
for finishin g must be appropriate to the job. If precision is required in 
a finishing job, precise tools or fixtures may be needed, with capacity 
to handle the required production rate. Here is room for ingenuity and 
resourcefulness in the design and construction of jigs and holding fixtures, 
of spindling and turning devices; of punches, dies, or pads for removing 
flash from holes; of fixtures for drilling, tapping, milling, surface grinding, 
edge sanding, filing, scraping, buffing, spot facing, etc. The materials 
may be steel, wood, brass, aluminum, and, not to be forgotten, plastics; 
for laminated phenolics and filled resin, castings can often be used to 
better advantage than anything else. 

Assuming that proper tools and methods for finishing have been 
established, then the control function comes in to check the initial produc¬ 
tion of new or changed tools or setups. Where dimensions are affected, 
the tabular scheme of recording measurements is helpful, for it indicates 
the random variations to be expected from piece to piece off the setup. 
Systematic follo-w-up will show how the dimension drifts with tool wear 
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and will indicate time for resharpening or adjustment before off-gauge 
work is produced. 

If the proper attention has been given to the control of parts during 
their manufacture by seeing that the mold is right and kept right; by 
purchasing uniform compound and keeping it uniform right up to the 
mold; by keeping uniform the molding cycle of pressure, temperature, 
and time; by good tooling and setups for finishing; by attention to the 
training, supervision, and compensation of the workers; and by a roving 
inspection in the factory which systematically checks the work at fre¬ 
quent intervals to detect drift or defects, then the final inspection may 
need be only by sampling to assure that the control was effective. The 
proportion of the sample to the production will of course vary from 0 to 
100 per cent depending on the job. Also it may be necessary to set up 
limits on the percentage defective in sample, beyond which the lot will 
be 100 per cent inspected. * 

Then to keep final track of the effectiveness of the control, a daily 
record can be made of the percentage of defects in the sampling by jobs, 
and this can be posted on a chart so it can be determined at a glance if the 
jobs are under control and, when a rise in percentage defects shows on 
any job, you can go back and check on the records of the roving inspectors 

to find the source of the trouble. 

* Control-chart method of controlling quality during production, American War 
Standard, Z1.3, American Standards Association, 1942. 
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B 

Banbury mixer, 194-195 
Barium hydroxide, 63 
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Butyraldehyde, 138 
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C 

Calcium cyanamide, 74 
Calendering, 43 
Carbic anhydride, 216 
Casein glue, 321 
Casting, 41, 81-82, 93 
Cellobiose octaacetate, 96 
Cellulose, as a filler, 105, 455 

modifications of, used to make plastic 
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Cellulose, nature of, 96-99 

physical properties of, 104-105 
Cellulose acetate, 95, 97, 100, 101-102, 
111-114, 117-118, 120, 124-129, 

131, 222, 379, 380, 393 
Cellulose acetate butyrate, 95, 100, 102- 
103, 114, 117-118, 120, 124-126, 
129, 379, 380 

Cellulose derivatives, 10, 11, 95, 100, 
103-105, 121, 319 

preparation of plastic materials from, 
105-115 

Cellulose nitrate, 48, 95, 100-101, 105- 
111, 127, 129, 131 
Cellulosic plastics, film, 131-132 
foil, 132-133 

methods of fabrication of, 117-119 


Cross-linked addition polymers, “net,” 
224-225 

polymerization behavior, 227-229 
properties of, 227 

synthesis of multifunctional monomers, 
225-227 

Cross-linked alkyd resins, 394 
Cross-linked polyester resins, 37, 329 
Cross-linked polymers, 13-14, 224, 229, 
232 

Crotonaldehyde, 61 
Crystallinity, 173-174 
and anisotropy, 394-396 
Crystallites, 148, 177—179 
CuprammQnium, 31 
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properties and uses of, 119—133 
rods and tubes, 129-131 
sheets, 127-129 
Cerex, 29, 164 

Chemical structure of synthetic resins, 

1-27 

chemical structure, 3-17 
classification of synthetic resins, 17-20 
primary and secondary bonds, 20-25 
C'hemurgic rubbers, 169 
Chlorobenzene, 69-71, 151 
Chloroprene, 15, 167, 170 
Chlorostannic acids, 210 
Cold-drawing, modifying thermoplastic 

resins, 31, 45 

Compression and transfer molding, 33o- 

368 

contemporary molding practice, 358 

366 

finishing of plastic parts, 366-368 
mold operation, 335-583 
Compression molding, 42-43, 82, 84, 117- 
118, 286-287, 293, 360, 365, 374^72 
Compression molds, 250, 287, 335 ~ 3 ^ 
Condensation reactions, 9, 52-69, 213 

218, 219-222 

Control, organizing for, 467 
Cotton flock, 36, 74, 105 


Cresols, 60, 70, 158 

Cresylic acids, 60 

Cross-linked addition polymers, 


224-233 


application of, 227-231 
commercial resins, 231-233 
co-monomers and catalysts, 227 


Design, of plastic products, 243-284 
Dextrin, 168 

Diallvl diethylene glycol dicarbonate, 
226 

Diallyl phthalate, 226, 329 
Diamines, 31, 213, 221 

Diamylnaphthalene, 115 
Diatomaceous earths, 75 
Dibasic acids, 10, 31, 216-221, 226 
Dibutyl phthalate, 32-34, 159 
Dibutyl sebacate, 33, 114 
Dicarboxylic acids, 220 
Dichlorodiethyl ether, 167 


Dicyandiamide, 74 

Dielectric constant, 153, 159, 182-184, 
208-209, 232, 391, 433 

dissipation and loss factors in, 434-436 


Dielectric losses, 5-6 

Dielectric strength, 5, 32, 36, 159, 163 
209, 222, 232, 397, 438-441 


Dielectrics, 433-442 
Diethylene glycol maleate, 226 
Dihydric alcohols, 220, 226 
Dihydroxy stilbene, 58 
Dihydroxy dibenzyl ether, 57-58 
Dihydroxy diphenyl ethane, 57-58 
Dimethyldichlorosilane, 235-236 

Dimethylol area, 152, 158 


Dioctyl phthalate, 33 
Diphenyl methane, 53, 57 
Dipole interactions, 174-175 
Dipole moment, 434 
Dipole orientation, 433-434 
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Dispersion coating, 44 
Divinyl compounds, 225 

E 

Ebonite, 181, 210 
Elasticity, rubberlike, 171-179 
Elastomers, 165, 167, 169, 179, 180-182, 
192, 240 

commercially available, 170 
Esters, 32-34, 125, 226 
allyl, 329 
cellulose, 312 
chlorinated aliphatic, 155 
high boiling, 155 
Ether link, 67 
Ethyl acrylate, 139, 169 
Ethyl cellulose, 28-29, 95, 100, 103-104, 
117, 120, 124-129, 132, 244, 379 
Ethylene, 3-4, 9, 29,- 72, 134-136, 139, 
168 

Ethylene chlorhydrin, 139 
Ethylene cyanhydrin, 140, 168 
Ethylene dichloride, 167 
Ethylene glycol, 9, 13, 142 
Ethylenic monomer, 13 
Extrusion, 41^2, 85, 117, 120, 129 
and allied processes, 388-389 

F 

Fabrication, 39-46 

initial conditions and processes of, 39- 
40 

methods of forming, 41-46 
range of process conditions, 40-41 
Fiberglas, 332 

Fillers, 34/., 74-75, 78, 80, 154-158, 
191-195, 200, 327-329, 332, 393, 396, 
436, 441, 451-455, 458 
application of, 34 
types of, 35-36 

used in modifying svnthetic resins, 

34-35 

Fillets, 259, 382, 412 
and radii, 293-299 
Forming of plastics, 45 
Furfural, 61, 72 

G 

Gr-N (see Buna N) 

Gr-S (see Buna S) 


Gels, 22 

Glycerin or glycerol, 114, 138, 214-218 
Glycinamide, 65 
Glycol, 214-215, 219 
Glycol maleate, 13 
Glyoxal, 152, 158 
Gutta-percha, 174 

H 

Hexamethylene diamine, 10, 31, 220-221 
Hexamethylenetetramine (“hexa”), 59, 
73 

Hexamethylol melamine, 67 
Homopolymer, 146 
Ilot-melt coating, 44-45 
Hydrocarbon resins, 3-5 
Hydrocarbons, 124, 147, 155, 167, 177, 
180-182, 187-188, 191, 210 
H} r droxyl groups, 97-102, 138, 215-218, 
226, 235 

I 

Injection molding, 42, 85, 111, 117-120, 
161, 274, 280, 286, 336 
advantages of, 374-375 
and extrusion, 369-389 
extrusion and allied processes, 388-389 
finishing of, 386-388 
molding equipment for, 373-374 
principles of, 375-388 
relation of cavaties to cost of, 385-386 
temperature, 222 

Injection molds, 159-160, 250, 293, 300 
Ion-exchange resins, 93 
Isobutylene, 4, 71, 140, 170 
Isobutylene polymers and copolymers, 
169 

Iosbutylene-isoprene copolymers, 170 
Isoprene, 14, 165-166 
Isotropy, 393 

J 

Jet molding, 85, 369 

K 


Kinetic theory, 171 
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Laminated assemblies, 326-331 
contact, 329-331 
high pressure, 327-328 
low pressure, 328-329 
typical, 332-333 

Laminates, 91-92, 231, 238, 396, 423, 436, 
451-455, 458 
beams, 320 
decorative, 333-334 
future development of, 334 
glass cloth for structural applications, 
331-332 

postformability of, 334 
Laminating, 45, 85-87 
Lignin, 75 
Lignocellulose, 98 
Linear condensation, 9, 10 
Linear polyesters, 10, 13, 213, 218 
Linear polymers, 4-9 

M 

Maleic anhydride, 13, 146, 215 
Materials of construction based on syn¬ 
thetic resins, 27-39 

application of the resin to the formula¬ 
tion of plastics, 28-36 
resins as adhesives or impregnants for 
laminates, 36-38 
resins as protective coatings, 38 
Melamine resins, 37jf., 81-93, 216-218, 
314, 318-319, 324, 437, 468 
compounds, 363 

formaldehyde, 34, 83, 105, 120, 123, 
214, 218, 314, 333, 394 
urea, 323 

and urea modifiers, 217 
Methacrylic esters, 28 
acid, 140 
Methane, 3, 72 
Methanol, 72, 468 
Methyl acetone, 114 
2-Methyl butadiene, 165 
Methyl ethyl ketone, 114 
Methyl isopropenyl ketone, 140, 169, 

170 

Methyl methacrylate, 8, 28-29, 120-121, 
125, 129-130, 144-151, 391-393 

characteristics of, 8, 29 


Methyl rubber, 166 
Methyl vinyl ketone, 140 
Methylene links, 67 
Methylene quinone, 57-58 
Methylol compounds, 65-67 
reaction of aminoplast methylol com 
pounds with alcohols, 67-68 
Methylol urea ether, 68 
Methylpolysiloxanes, density and refrac¬ 
tive index of, 237 
Mica, 36, 75, 82, 91 
Microcrystalline polyesters, 220 
Molded products, lettering on, 281-283 
design of, 243-285 

Molding, compression and transfer, 33* 
368 

Molding behavior, 452-453 
equipment, 373-374 
or fabricating, 469-470 
injection, 369-388 

Molds, allowance for compound shrink¬ 
age of, 291-292 

appropriate tooling of, 306-308 
choice of procedure, 355-356 
contemporary practice, 358-366 
design of article, 381-385 
dimensional tolerances, 256-257 
distribution of charge, 343-344 
draft, 258 

effects of procedure upon final prop¬ 
erties of, 356-357 
ejection of, 379 

examples of faulty operation of, 337 - 
341 

fillets and radii, 293-299 

finishing, 386-388 

flash type, 287-288, 360-361 

form of charge, 342-343 

good, accurately made, 470-474 

holes, 263-271 

inserts, 274-281 

jigs, fixtures, and gauges, 308-309 
knockout pins, 353-354 
machining of, 301-306 
machining molded plastics, 283-284 
material characteristics of, 336 
material and design of, 379-381 
material selection, 243-248 
materials for making, 299-301 
moldability in, 248-284 
molded threads, 271-274 
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Molds, number of cavities, 289-291 
operation of, 335-358 
operational aids, 341 
parting lines, 251-253 
pickups, 254 
for plastics, 286-309 
positive type, 288-289 
pressure, 352-353 
quantity of charge, 341-342 
rate of closing, 354 
relation of cavities to cost, 385-386 
ribs and bosses, 261-263 
semipositive, 362-363 
sharp outside corners, 261 
shrinkage of, 254-255 
surface finishes, 283 
taper or draft, 292 
temperature, 349-352, 378 
temperature or condition of charge, 
344-349 

temporary release of pressure, 354-355 
wall thickness, 258-259 
warpage of, 257-258 
Molecular weight, 146-148 

N 

Neoprene, 15-17, 167, 176, 181-182, 
190-191, 194, 199 

Nitrocellulose, 31, 101, 105, 111, 214-218 
Nitrocotton (see Nitrocellulose or Cellu¬ 
lose nitrate) 

Nomenclature, organic silicon com¬ 
pounds, 234-235 
Novolacs, 54-59, 77 
Nuclear-substituted phenols, 57 
N-vinyl pyridine, 169 

Nylon, 10, 29, 31, 213-214, 219-220, 
379, 394-395 

application of molding material, 223 
molding, 222-223 

molding material, 221-222 

O 

Ortho-hydroxybenzyl alcohol, 55 

P 

Paper treating, 94 
Paraplex, 231-232 
Pectocellulose, 98 


Pentaerythritol, 214-215 
Phenol, 53, 69-70, 73, 77, 114, 145, 173, 
221, 224, 394, 468 
amyl phenol, 71 
butyl phenol, 71 
para-substituted, 71-72 
phenyl phenol, 71 
Phenol alcohol, 56-58 
Phenol-aldehydes, 57 
Phenol-formaldehyde, 11, 30, 52-53, 61- 
63, 83, 120, 123, 312, 315 
Phenolics (phenol resins), 28-30, 37, 78- 
93, 105, 122, 135, 158, 216-217, 
229, 244, 247, 259, 274, 279, 313-323, 
327, 333-334, 365 
chemistry of, 53-61 
laminates, 91 
molding materials, 91 
Phenolsulfonic acids, 210 
Phenoplasts, 54, 80, 88-93 
molding powder, 77-79 
reactants, 59-61 
Phosphoric acid, 33 
Phthalic anhydride, 114, 213-218 
Phthalic glyceride, 218 
Plastic, advantages of, 47-48 
creep or cold flow, 50-51 
definition of, 28 

deterioration of, on exposure to weath¬ 
ering, 51 

electrical insulation, 50 
fatigue, 51 

finishing of parts, 366-368 
form versatility, 48-49 
group characteristics of, 48-51 
lightness of, 48 

low-heat conductivity and heat ca¬ 
pacity of, 50 

material selection for, 243-248 
moldability of, 248-284 
nonrigid (clear), 30 

range and brilliance of color of, 49 
rigid (clear), 30 
resilience of, 48 
resistance of, to corosion, 49 
selective resistance of, to solvents 
49-50 

sensitivity of, to temperature, 50 
Plastics, application of, 28, 47ff. 
compounding, processing, and prop¬ 
erties of, 154-164 
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Plastics, conditions and process, 39-40 
effects of exposure on, 396-399 
forming and fabrication of articles, 39 
methods of forming, 41-46 
physical nature of, 393-399 
pressure, 40 

range of process conditions, 40-41 
temperature, 40-41 

Plasticizers, 33, 111-113, 138, 154-157, 
161, 177-178, 186, 194, 216-218, 
390, 395 

dioctyl phthalate, 156-157 
tricresyl phosphate, 156-157 
use of, in modification of properties, 
32-34 


Plastometers, 200-202 
Plywood, 91-92, 312-329 
resin-bonded, 37-38, 311 
Plywood panels, 320—321 
Polar and nonpolar compounds, 24-25 
Poly acrylates and polymethacrylates, 

95, 225 

Polyacrylonitrile, 17, 176-177 
Polyalkyl polysulfides, 167, 170 
Poly ally 1 compounds, 226 
Polyamides, 10, 28, 31, 38, 176, 213, 

219-223 r 394 
Polybasic acids, 12jf., 215 
Polychlor diphenyls, 33 
Polychloroprene, 15, 167 
Poly % dichlorobutadiene, 176 
Polydichlorostyrene, 140-141, 151, 163- 

164 

Polyesters, 38, 142, 219-220, 226-228, 
332 


alkvd resins, 213-219 
and polyamides, 213-223 
alkyd resins, 213-219 
polyamides, 219-223 
rubbers, 169-170 
unsaturated, 226-227 
Polyethylene, 4, 22, 29, 48-49, 136, 141, 

‘ 147-155, 174, 379 


properties of, 154 
Poly glycols, 215 
Polyhydric alcohol, 


glycerin, 12J7*., 214- 


215 

Polyisobutylene, 4, 49, 169, 174, 180 
Polyisoprene, 14 

Polymeric phosphonitrilic chloride, 171 
Polymerization, application of, 229-231 


Polymerization, behavior of, effected by 
poly functionality, 227-229 
branching, 144 
chain transfer, 144 
initiation of, 142-143 
kinetics of, 141-146 
propagation of, 143 
termination of, 143 

Polymers, addition, cross-linked, 224-233 
high-molecular weight, 27 
other, 169-170 

Polymethyl methacrylate, 139-141, 152, 
162 

Polymethylene diamine, 220 
Polysiloxanes, 235 

Polystyrene, 5, 28-29, 33, 48-49, 95, 
120-127, 130-132, 139-141, 149-153, 
161-164, 174, 222, 379, 391-393, 
401, 425, 437 

Polyvinyl acetal, 141, 158-159 
Polyvinyl acetate, 8, 137-141, 148, 152 
properties of, 157 

Polyvinyl alcohol, 7-8, 11, 149-152, 158, 
468 

and derivatives, 138 
Polyvinyl butyral, 138, 141, 159, 319 
Polyvinyl carbazole, 140-141, 162-163 
Polyvinyl chloride, 5, 17, 95, 136-141, 
149-156, 176 

and its copolymers, 155-157 
Polyvinyl formal, 141, 158 
Polyvinylidene chloride, 5-6, 22, 48, 
138-139, 149-152, 159-160, 176 

Propane, 72 
Propylene, 226 


Q 

Quality, control of, 465-474 
Quinones, 145 


R 

Rayon, manufacturing processes of, 31 
Itesin-bonded and laminated assemblies, 

310-334 

adhesives, 310-314 

application of, 321—326 

durability of synthetic resin adhesives, 

320-321 

laminated assemblies, 326-334 
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Resin-bonded and laminated assemblies, 
types of synthetic resin adhesives, 
314-320 

Resins, as adhesives or impregnants for 
laminates, 36—38 

application of, to the formulation of 
plastics, 28 

chemical reactivity of, 150-152 
classes of, 23-24 
classification of, 17-20 
cross-linked polyesters, 30 
electrical properties of, 153-154 
other, 140-141 
plasticity of, 152-153 
as protective coatings, 38 
solubility of, 149-150 
stress-strain properties of, 153 
structural regularity of, 148-149 
structure and properties of, 146-154 
thermoplastic, 31 

use of, in the unmodified form, 29-32 
Resites, 54 
Resols, 51-58, 77, 92 
Resorcinol, 60, 73, 314, 324 
resins, 323 

Rubber, abrasion resistance of, 207 
aging tests, 205-207 
antioxidants, 189 
compounding, natural, 185-189 
compounding, synthetic, 189-194 
consistency—modifying agents, 186- 

187 


curing agents, 185-186 
electrical properties of, 182-184 
electrical tests, 208-209 
fillers, 187-188 

flex cracking resistance of, 207 

freeze resistance of, 209-210 

hard and derivatives of, 210-211 

hardness of, 202 

/ » 

inorganic, 170-171 

latex, 198-200 

molar cohesion of, 176-177 

oil and water resistance of, 208 

ozone resistance of, 209 

permanent set, 204 

plasticity of, 179-180 

processing of, 194-200 

properties of, dynamic, hvsteresis, 

204-205 

general, 181-184 


Rubber, reclaimed, 181 

resistance of, to chemical attack, 182 
solubility of, 181-182 
stress effects, 178-179 
stress-strain characteristics—tensile 
strength of, 202-204 
structure of natural, 165-166 
synthetic, 166-171 

and the synthetic elastomers, 165-184 
testing methods, 200-210 
thermal effects, 177 
vulcanization of, 180-181 
weathering tests, 208 

S 


Saran, 132 

Sebacic acid, 215, 218 
Silanes, 234, 236 
Silicon tetrachloride, 235-237 
Silicone resins, rubbers and related resins, 
234-242 

laminates, 238-239 
oils, 239-240 
products of, 238-241 
resin solutions, 238-239 

approximate properties of, 238 
rubbers, 240-241 
surface treatment, 241 
Siloxanes, 235, 240 

Sodium benzene sulfonate, fusion of, 69 
Sodium persulfate, 168 
Solubility of vinyl polymers, 149 
Solution casting, 43^4 
Solvents or cellulose acetate, 114 
Stearic acid, 190 
Steric hindrance, 174 
Stilbene quinone, 58 

Structure, chemical, of synthetic, resins, 
3-17 

polymeric, 393-394 

Styrene, 5, 13ff., 145-146, 167-169, 227, 
244 

Succinic acid, 9, 142 

Sulfur, 1, 169, 181-186, 194, 199, 210 

Surface coatings, 92 

Synthetic fibers, 31 


T 

Testing methods, 390-464 
compression, 424^125 
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Testing methods, control, and evaluation 
of variables, 459-462 

of instrumental dependability, 460- 
461 

dimensional stability, 458-459 
effect, of machine characteristics, 418- 
422 

of radiation and temperature, 455- 
456 

of speed, 417-418 
effects, of chemicals, 455 
of water, 454-455 
electrical, 433-442 
flexural, 425 
hardness, 429^30 
impact, 427-429 
mechanical, 399^12 

factors affecting, 412-422 
optical, 442^449 
permanence, 454-459 
presentation of data, 461 
shear, 426-427 
static tension, 422-424 
thermal, 449-454 

weathering and accelerated exposure, 
456-458 

Tetrahj'drophthalic anhydride deriva¬ 
tives, 215-216 
Textile treating, 93-94 
Thermal expansion, 449-451 
Thermoplastic cellulosic plastics, 95-133 
methods of fabrication of, 117-119 
modification of cellulose used to make 
plastic material, 99-105 
nature of, 96-99 

preparation of, from cellulose deriva¬ 
tives, 105-115 

properties and uses of, 119-133 
Thermoplastic linear condensation prod¬ 
ucts, 10, 258 

materials, 3-11, 32, 95-96, 213, 221, 
244, 259, 262, 283, 286, 336-337, 
343-357, 369, 392-398 

Thermosetting condensates, 11-14 
Thermosetting condensation products, 

52-94 

chemistry of, 53-69 
fabrication methods of, 81-87 
manufacturing process of, 77-81 
properties and uses of, 87-94 


Thermosetting condensation products, 
raw materials of, 69-75 
Thermosetting material, definition of, 3 
Thermosetting polymers, 224-233 
Thiokol, 17, 182, 189-190 
Thiourea, 63-66 

Three-dimensional networks, 11, 27 
Titanium dioxide, 114 
Toluene sulfonamide, 62 
Transfer molding, 43, 84-85, 280-287 
293, 363 

tablets, preforms or “pills,” 364-366 
Transfer molds, 287 
operation of, 357 
Triacetin, 111-113 
Trichlorosilanes, 237 
Tricresyl phosphate, 33 
Triethanol amine, 80 
Triethylene, 33 
Trimethylene glycol, 220 
Trinitrobenzene, 186 
Triphenyl phosphate, 114 

U 

Urea, 61-67, 73, 80-93, 105, 173, 224, 244, 
314, 323, 363-365, 394, 437, 468 
dimethylol, 63-64 
monomethylol, 63-64 
and thiourea, 63-66 

V 

Vinsol resin, 37 

Vinyl acetate, 6, 146-149, 155 

Vinyl cellulose, 244 

Vinyl chloride, 6, 95, 131, 136-141, 146 
properties, of plasticized and copoly¬ 
mer resins, 157 

of vinyl acetate copolymers, 137-138 
Vinyl chloride copolymers, 146, 150 
Vinyl compounds, 134-135, 140, 437 
Vinyl copolymer, 120-124, 129-130 
Vinyl naphthalene, 140 
Vinyl polymers and related resins, 134- 

' 146 

compounding, processing, and prop¬ 
erties of, 154-164 

kinetics of polymerization, 141-146 
methods of synthesis, 136-141 
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Vinyl polymers and related resins, struc¬ 
ture and properties of, 146-154 
Vinylidene chloride, 6, 120-124, 130, 141, 
146, 150, 155 

properties, of copolymer resins, 160 
of vinyl chloride copolymers, 139 
Vinylidene compounds, 134-135, 140 
Viscoelastic resins, 408 


Vulcanizable elastomers, 14-17, 165-184, 
185-212 

Vulcanizing agents, nonsulfur, 186 

X 

Xylenols, dimethylphenols, 70-71, 158 

Z 

Zeolites, 93 


ALLAHA IQBAL LIBRARY 



4563 







THE JAMMU & KASHMIR UNIVERSITY 

LIBRARY. 


DATE LOANED 


Class No. 
Vol._ 



Book No 


Copy 


. f IA_ i 


Accession No. 



verdue char 



THE JAMMU & KASHMIR UNIVERSITY 

LIBRARY. 

» DATE LOANF.n 


Class 

Vol.___ 

Accession No. 


Book No. 

Copy_ 





THE JAMMU & KASHMIR UNIVERSITY 

LIBRARY. 


JXATE LOANED 

Class No, •42 

Book No. 


Vol.--Copy 





ALLAMA 
IQBAL LIBRARY 

UNIVERSITY OF KASHMIR 

HELP TO KEEP THIS BOOK 
FRESH AND CLEAN. 




